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SUMMARY 
In the present research cross sections were measured by using 
the mixed powder method with Ge(Li) gamma detection first developed by 
Rao and Fink. This method generally gives results of much improved 
accuracy. Many of the cross sections were measured for the first time 
in the present work. For several of the lightest stable isotopes of 
even-Z elements, i.e. Ni"***, R u ^ , Cd^"^, and Sn^^ rather large 
[(n,np) + (n,pn) + (n,d)] cross sections were observed. Since the 
product of the (n,np) +... reaction is usually mixed with the daughter 
of the corresponding (n,2n) product, a method based on radioactive decay 
laws with or without radiochemical separation of the product was developed 
to resolve these two components. The main advantage of the method is that 
the cross section ratio of the (n,np) +... reaction to the corresponding 
(n,2n) reaction can be determined directly from the counting rates and 
half-lives involved without knowing the detection efficiencies and detailed 
decay schemes of the nuclides involved. 
From the measured (n,2n) cross sections an empirical formula as a 
function of only Z and A of the target nucleus is obtained. This formula 
reproduces the (n,2n) cross sections from the present work to within 
about ±207o with a few exceptions. The predictions of Pearlstein and 
Gardner with some modifications generally give good agreement with experi­
ment, i.e. within about ±207 o , for (n,2n) cross sections. For (n,p) cross 
sections the predictions from Levkovskii's empirical formula give much 
better agreement than those of Gardner and Rosenblum. However, there are 
viii 
several cases in which the values from Levkovskii1s formula are too small 
by factors up to 2 . 5 compared with experimental values. For (n,o/) cross 
sections, the statistical model calculations of Facchini et al. using 
energy independent level density parameter a are generally an order of 
magnitude too small compared with experiment. 
58 
Rather large [(n,np) (n,pn) + (n,d)] cross sections of Ni , 
R u ^ , Cd*^, and Sn*^ were observed. The cross sections were seen to be 
linearly related to both Z and A of the target nuclei. Empirical equa­
tions were obtained to predict the [(n,np) + (n,pn) + (n,d)] cross sections 
for target nuclei of the lightest stable isotopes of even-Z elements. 
From the statistical model with the constant nuclear temperature 
approximation for level densities and other approximations, equations were 
derived in the present work to calculate (n , 2 h ) , (n,np), (n,pn), (n,p), 
(n,Ckf) , and (n,d) cross sections. The predictions from these equations 
generally give better agreement with experiment compared with other pre­
dictions for all (n , 2 n ) , (n,p), and (n,ot) cross sections measured in the 
present work. In all the calculations an average nuclear temperature of 
1.5 Mev taken to be constant for all types of 14 Mev neutron reactions 
and for all nuclei as suggested by Guzzocrea et al. was used. No normal­
ization procedure is involved in the present calculations. However, when 
neutron emissions following a first particle emission are involved, effec­
tive thresholds obtained by adding to ground state thresholds 0 . 5 Mev and 
1 Mev, respectively, for the second and third neutron emissions appeared 
necessary to get good agreement with experiment. The agreements with 
experiment are generally within about ±157o, ±207o, and ±307 o , respectively, 
for (n , 2 n ) , (n,p), and (n,Qf) cross sections measured in the present work. 
For the [(n,np) + (n,pn) + (ri,d)] cross sections the calculated value 
58 
agrees with the measured cross section for Ni which is known from the 
angular and energy distribution measurements of Glover and Weigold to 
96 
go mainly through compound nucleus formation. For the cases of Ru , 
Cd^^, and Sn**^ the calculated values are far too small compared with 
measured cross sections suggesting that they likely go by some kind of 
direct interactions. 
No odd-even effects in Z and no shell effects at Z = 28, 50, and 
at N - 50, 82 were observed in (n,2n) cross sections. Moreover, no shell 
effects for proton shell closures at Z = 28 and 50 in (n,p) cross sections 
92 138 
were seen. For (n,Qf) reactions the cross sections of Mo and Ba , 
which have neutron shell closures at N = 50 and 82, respectively, 
appeared to be greatly enhanced. However, the enhancement may also be 




As neutron activation cross section data at 1 4 - 1 5 Mev for (n , 2 n ) , 
(n,p) , and (n,o) reactions accumulated over the years since 1 9 5 3 , system­
atic studies revealed some general trends for the measured cross sections; 
and empirical or semi-empirical calculational methods were developed to 
predict cross sections at one neutron energy as well as excitation func­
tions. The compound-nucleus statistical model with various approximations 
is widely used. Since the existing experimental cross section data were 
obtained by various workers using different experimental methods arid some­
what different neutron energies between 14 and 15 Mev and have relatively 
large errors and often exhibit gross disagreements, each method had some 
success, although there are wide variations in the predictions from the 
various methods. There is also considerable controversy about shell 
structure effects on cross sections. 
The purpose of the present research is to test various predictions 
for (n , 2 n ) , [(n,np) + (n, pn) + (n,d )J , (n,p), and (n,a) cross sections at 
1 4 . 4 Mev by comparing the predicted values with values measured under 
uniform experimental conditions with much improved accuracy and to search 
for possible shell structure effects on neutron activation cross sections. 
The medium Z region is selected because: ( 1 ) in this region there are a 
number of isotopes of each element whose (n ,2n) products are radioactive, 
offering good possibilities for accurate measurement by means of gamma 
detection; ( 2 ) there are a number of (n,p) reactions for which 
2 
controversial predictions exist; (3) a search for shell effects can be 
made since this region includes the proton shell closure at Z = 50 and 
58 
the neutron closures at N s= 50 and 82. The single nucleus Ni is 
especially interesting because of its proton shell closure at Z - 28 and 
its large [(n,np) + (n,pn).+ (n,d)] and (n,p) and small (n,2n) cross 
sections. 
In nuclear engineering precise neutron cross sections are usually 
needed and the present work will provide some more neutron cross sections 
for that purpose. Also, from the measured cross sections some empirical 
or semi-empirical relationships may be set up which will enable one to 
predict cross sections for those isotopes that are inaccessible to 
experimental determination. In the statistical model calculation of cross 
sections different results are usually obtained from different approxi­
mations on nuclear level density and from different choices of values of 
parameters involved such as the level density parameter. Therefore, 
accurately measured cross sections are needed to test the applicability 
of the statistical model to various types of reactions induced by 14.4 Mev 
neutrons. 
In the present research cross sections were measured using the 
mixed powder method with Ge(Li) gamma detection first developed by Rao 
and F i n k . ^ Th is method generally gives results of much improved 
accuracy. Many of the cross sections were measured for the first time 
in the present work. Details in experiments and prime discussions are 




2.1. Basic Equations for the Calculation of Cross Sections 
In the present investigation there are many cases in which the 
measured activities arise from two sources, as is usually the case when 
the daughter activity of the reaction product is measured. To derive 
the equations for the calculation of cross sections, the following 
reaction-decay sequence is considered; 
(N c) 
a 2§ 
-» Z — 
(N 0) 
where X is the target nucleus; Y and Z are reaction products which are 
both assumed to be radioactive with decay constants X^ and X^, 
* 
respectively; X-̂  is the partial decay constant of Y leading to Z; and 
r j ^ are the cross sections of the corresponding reactions; and $ is the 
neutron flux. 
During the irradiation, the production rates of Y and Z are, 
respectively, 
dN] 




JT - N a ? $ + X*N - X 2N 2 (2-2) 
where N Q, N^, and are, respectively, the number of nuclides of X, Y, 
and Z present at time t. Since the products o^§ and o^S are very small 
for all cases in the present investigation, i.e. of the order of 
1 0 " ^ sec~l, the decrease in the number of the target nuclei N Q during the 
irradiation is neglected. In terms of activities defined by 
A. = (i = 1,2) (2-3) 
equations (2-1) and (2-2), respectively, can be converted to 
d A l 
= X,N a * - \-A, (2-4) dt * i V V ' V i 
and 
where 
d A 2 * 
dT = V*o°2$ * Vl " X 2 A 2 (2-5) 
A* - ^ . (2-6) 
For short irradiations the neutron flux can be kept constant, but when 
the irradiation time is long it decreases approximately exponentially with 
half-lives ranging from 30 minutes to several hours, i.e. 
$ = $ e-At o (2-7) 
1 
5 
where A. Is the average decay constant of the neutron flux. Since A 
varies from one irradiation to another, it must be determined for every 
irradiation. 
Substituting equation (2-7) into equations (2-4) and (2-5) for $ 
and solving for and the results are 
(2-8) 
X-\ -At -^it 
and 
„ \ . ?.i X 2 ', -*2t -Xlt (2-9) 
" V i § 0 x ~ i X T ^ T I ( e ' e > 
where the boundary conditions are 
Aj = A 2 = 0 at t = 0 . 
At the end of the irradiation 
t = T A = A? and A n = A° 1 1 2 2 
Then equations (2-8) and (2-9), respectively, become 
and 
4 = N o $ o S 2 [ °2 + .XT=-3i2(l " 4 f § > ° J . < 2 - U > 
6 
where 
A,- „ At -X- jT 8i = .rr A ( e V e V i = 1,2; (2-12) 
At time t after the end of the irradiation, the time derivatives 
of A^ and A^ are, respectively, given by 
dA-
— — r " X,A (2-13) 
dt 1 
and 
^ 2 * 
d T = Vl " X 2 A 2 (2-14) 
Letting 
k = X * A X = A*/A 1 (2-15) 
Equations (2-13) and (2-14) are, respectively, integrated to give 
A x = A° e 1 (2-16) 
and 
n -Xot ^ 2 o - A 2 f c - A i t 
* 2 * A 2 « 'x^h^* - e M ( 2 - 1 7 ) 
where the time t is measured from the end of the irradiation. 
For simplicity a composite activity-A^ at zero time is defined by 
rt kX_ 
A° m£ + —l--. A ? (2-18) cps 1 " 2 
7 
and equation (2-17) is then rewritten as 
- - X o t kXo _ - A i t 
A 9 = A° e - - A? e 1 (2-19) 
2 cps \ x - X 2 
The counting rates and corresponding, respectively, to and A^ 
can be written as 
C x = A°p x e" > Ll t : (2-20) 
and 
0 - X o t kXo _ - X it 
«, = A° P, e 2 . _ l _ A ? p , e 1 (2-21) 
'2 " % s P 2 e " IT^Z 1 P2 
where 
p. = C /A = f.f f . (i = 1,2) (2-22) l 1 l l di si 
in which e, f , and f are., respectively, detection efficiency, number a s 
of gammas per decay, and self-absorption correction factor. The deter­
mination of 6, f^, and f is given in Section 2.4. 
s 
It is seen that if X^ > X 2, the second term in equation (2-21) tends 
to zero when t is sufficiently large; while the first term will tend to 
zero ifX^< X 2 . Therefore, either A ° p s or A° can be determined by 
measuring the counting rate C 2 after one of the two activities has died 
off. It is also possible that both A ° p g and A° are determined simul­
taneously if several values of C 2 can be measured at various times before 
the short-lived activity dies off. For cases where X^ > X 2, equation 
Xot 
(2-21) may be multiplied by e on both sides to give 
8 
X2t k A 2 o '(h'X2>t 
C 2 e = A V 2 " I 7 7 x ^ V 2 e <2"23> 
which is a linear equation of the form 
y = B - Mx (2-24) 
with 
and 
y = C 2 e A 2 t ^ (2-25) 
B = A ° p g p 2 (2-26) 
M = T - ^ f - ^ (2-27) 
A l " A2 
x = e 1 V (2-28) 
Therefore if several values of C 2 can be measured at various times before 
x becomes small, both A°p S and A° can be determined either hy least 
squares fitting to equation (2-23) or by solving two simultaneous equa­
tions similar to equation (2-23). 
If a composite cross section is defined by 
o - s 2 + — L - a- (2-29) cps ^ \ x - X 2 1 
then from equations (2-10), (2-11), and (2-18) it can be shown that 
A c P s = N o C T c p s S o 8 2 ( 2- 3 0> 
which is similar to equation (2-10). In general the activity and the cross 
section are related by 
A° = N Q a$ Gg (2-31) 
9 
In the present investigation no absolute measurement of the 
neutron flux was made. Instead, a standard reaction with known cross 
section was used to eliminate $ Q. The equation for the calculation of 
the cross sections thus becomes 
o = ( A j / A ° ) ( N o s / N o x ) ( g s / g x ) (2-32) 
where the subscripts s and x3, respectively, denote the standard reaction 
and the reaction under investigation. The values of the g's are calcu­
lated from equation (2-12),, The N Q ' S are calculated from the equation 
N o = H a N a v o < 2" 3 3> 
where W is the weight of the element in the sample, M, its atomic weight, 
a, the isotopic abundance of a given isotope, and N a V Q , Avogadro's number. 
For most of the cases, in which the measured activity arises from 
the product of a single reaction, the cross sections are calculated from 
equation (2-32) and the related equations. For cases, in which the product 
nucleus has an isomeric state which decays partially or completely by an 
isomeric transition to the ground state with a half-life shorter than 
that of the ground state, the cross section corresponding to the isomeric 
state and the composite cross section corresponding to both states are 
determined separately. The isomeric cross section is determined by 
measuring the gamma decay of the isomeric state; and the composite cross 
section, by measuring the gamma activity of the .ground state after the 
isomeric state has decayed completely. The ground state cross section is 
then obtained from 
g " C cps * I ^ T l ^ 0 n > ( 2 - 3 4 ) 
10 
where the subscripts m and g, respectively, denote the isomeric and the 
ground states. In the present work the half-life of the isomeric state 
is usually very short compared with that of the ground state sO that the 
composite cross section amounts to practically the total cross section of 
the reaction if the isomeric state decays completely by isomeric transi­
tion to the ground state. Some special cases are discussed individually 
in Section 3.1. 
2,2. Neutron Sources 
3 A. 
Neutrons were produced by the H (d,n)He reaction in the Georgia 
Tech 200-KV accelerator. A thick titanium-tritium target (1-inch 
2 
diameter) of composition Ti/T «s 1 having about 7 mg/cm Ti on 0.010-inch 
copper backing was used for the production of neutrons. The target was 
cooled by flowing water behind it, and is situated at 45° to the deuteron 
beam. At 90° and 100-cm above the target, a Si(Au) detector was used to 
count « 3.7 Mev alpha particles from the T(d,n)He^ reaction. The total 
neutron output can then be determined from the counting rate of the 
associated alpha particles.^") The total neutron yields thus measured were 
in the range of 1-3 x 10^n/sec, which decreased with the irradiation 
time. In the present work, the associated alpha particles are not used 
to determine the absolute neutron flux received by the sample target, 
because the sample target is placed very close to the neutron source 
target so that the solid angle subtended by the sample target cannot be 
calculated accurately. Figure 1 shows the geometry of the target system 
schematically. 
To monitor the decrease of the neutron flux, the associated alpha 
11 
12 
particles were counted at successive time intervals during the irradia­
tion. The average decay constant A of the neutron flux in equation (2-7) 
was determined by fitting the counting rates into an exponential function. 
The average energy of the neutrons received by the sample target 
was estimated by averaging over the solid angle subtended by the sample 
target, i.e. 
- Jo*" s i n * d* Jq21T Cni( ' Q f »P)E 1 (Qr,;^ + n2(cr, P)E2(cr, P) ] d P 
1 nQin P 2rr ^ _ n (2"35) 
Jq sin 'Of dor Jo [n x(a,P) + n2(or,,P)] d0 
where <*, 3 are spherical polar angles as shown in Figure 1; n^(a-,P) and 
n 2(o ; 3 ) are the number of neutrons per unit solid angle emitted in the 
direction (04 3) for lOOkeV and 200keV deuterons, respectively; E^(o/, P) 
and E (o; |3) are the corresponding neutron energies at (or, 0) and a is 2 m 
the maximum half angle subtended by the sample target as shown in 
Figure 1. For a thick Ti-T target, the neutron yield is not isotropic. 
However, its variation with emission angle is small for deuteron energies 
smaller than 200 kev/"̂  Therefore n^(a, P) and n2(of, P) are approximately 
constant. The deuteron ion beam is thought to consist mainly of D* and 
D + . The ratio D 2 / D + may vary considerably from run to run (i.e. from 
3 to 1), depending on ion source operating conditions. However, the 
variation of Dj/D + does not affect the neutron energy spread significantly 
because the maximum deuteron energy (200keV) is small compared with the 
Q-value of 17.6 Mev for the H (d,n)He reaction (the average energy of 
the neutrons received by the sample target changes only slightly, i.e. 
from 14.42 to 14.39 Mev as the ratio D+/D + varies from 1 to 3). The 
neutron yield of 200-keV deuterons is about 3 times larger than that of 
100-keV deuterons With D^/D4" = 2 it can be shown that 
n 1(o ; P ) = °.57no and n 2 ( c * , 3 ) = 0.43nQ (2-36) 
where n Q is the total number of neutrons per unit solid angle produced 
by the deuteron ion beam. 
Since the energy of the emitted neutrons is known as a function of 
the angle 8 between the emitted neutrons and the deuteron beam, ̂  the 
angle 6 for each set of (or,3) must be determined in order to get E^(ar,3) 
and E2(o/, 3 ) . The relationship between a, 3 and 0 is given by 
cos 0 = —L- (sin Q' cos 3 + cos oe) (2-37) 
Since there are no simple analytical functions for E^(o/, 3) and E^(a, 3 ) , 
the integration of equation (2-35) was carried out by a numerical method. 
With c* m = 60°, which is mostly the case in the present work, the average 
neutron energy was found to be 14.4 Mev with maximum and minimum energies 
at 14.8 and 13.9 Mev, respectively. The neutron spectrum estimated by 
grouping the neutrons in an energy interval of 100 keV is shown in 
Figure 2. It is-seen that more than 90% of the neutrons received by the 
sample target have energies within 14.4 ± 0.4 Mev. The poor neutron 
energy resolution is a consequence of the geometry of the target system 
and the large size of the sample target. The geometry was chosen to 
facilitate the construction of a Si(Au) detector in the direction of 90° 
to the deuteron beam. The detector is necessary to count the associated 
alpha particles from which the average decay constant of the neutron flux 
D 2 + / D + = 2 
n 
AREA = 100 
13.8 14.0 14.2 14.4 14.6 14.8 15.0 
En (Mev) • 
Figure 2 Neutron Spectrum Received by a Sample Target which Subtends an Angle 
of 120° at the Center of the T i - T Target 
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can be estimated. The large sample target is necessary to get sufficiently 
strong product activities. 
2.3. Irradiations and Radiochemical Procedures 
To prepare the sample for irradiation, several grams of the sample 
material in powder form were mixed with iron and aluminum powders in an 
agate mortar. The mixture was then packed in a lucite holder with a hole 
of 1.5 to 1.8 cm in diameter and 3 to 6 mm thickness. The aluminum 
served to check the uniformity of the mixture, by comparing the measured 
cross section ratio of the Al.2^(n, a)Na 2^ to the Fe"^(n,p)Mn"^ reaction to 
the known value of 1.14 ±0.08 (see Section 3.2), since the uniformity of 
the mixture is essential to getting accurate results.^'^ , 5^ The weight 
of each component of the sample was determined to ± 1 mg. All the sample 
components, either in elemental form or in a chemical compound, had 
natural isotopic composition. The isotopic abundances needed in calcu­
lating the N 0's in equation (2-33) were taken from the Table of Isotopes 
edited by C. M. Lederer, et a l . ^ 
The sample target was placed about 3 mm behind the Ti-T neutron 
source for irradiation. The irradiation time varied from 30 seconds to 
2 hours, depending on the half-life of the product activity of interest. 
For cases of very short-lived activities, a fast transfer rabbit system 
was used. This system can transfer a sample from the irradiation position 
to the detection position in less than one second. After irradiation the 
target was immediately brought to the detection position for gamma counting 
without further treatment, except in one case that needed radiochemical 
separation of Ag from Cd. 
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In the separation of Ag from Cd, about 3 grams of irradiated Cd 
was dissolved in 8 ml cone. HNO^ and about 200 mg of Ag + carrier in 2 ml 
AgNO^ solution was added. AgCl was then precipitated with cone. HCl. 
After filtration, the filtrate containing the Cd was evaporated to dryness 
and mounted in a lucite holder for gamma counting. The AgCl precipitate 
was washed with 0.1 N HCl several times to remove the contaminated Cd and 
then dissolved again with cone. NH^OH. AgCl was reprecipitated with HCl, 
centrifuged, and then mounted on an aluminum planchet under an infrared 
lamp. After the AgCl was dried, the planchet was covered with Scotch 
tape and gamma counted. No chemical yield determination was needed. 
2.4. Detection of the Product Activities 
After the end of irradiation, the gamma activities of the sample 
3 
target were measured with a 16-cm coaxial Ge(Li) detector having a 
resolution of 3.6-keV FWHM (full width at half maximum) at 1333 keV at 
< 1000 counts/sec. The detection efficiencies for various gamma energies 
were calibrated with standard essentially point sources supplied by the 
International Atomic Energy Agency (IAEA), Vienna. A typical calibration 
curve is shown in Figure 3„ In the determination of the curve, the sources 
were placed about 4 mm from the detector window along the axis in essen­
tially the same position in which the activities of the irradiated target 
were measured. The circular points in the figure were measured absolutely, 
while the triangular points were measured relatively. The normalization 
points are indicated by squares in the figure. The standard sources used, 
together with their half-lives, gamma energies, and intensities are 
summarized in Table 1. From the figure it is seen that a Log-Log plot 
17 
18 
Table 1. Calibration Sources for Gamma Activities 
Sources Half-life E(keV) Gammas per 
Disintegration 
m A 241 Am 
H g 2 0 3 
432.9 yr 59.5 35.9 




C o 5 7 
279.2 81.6 
271.6 day 122.0 85.0 
N a 2 4 
136.3 11.4 
2.602 yr 511.0 179.7 
C s 1 3 7 
1274.6 99.95 
30.6 yr 661.6 85.1 
C o 6 0 
312.6 day 834.6 100.0 
5.264 yr 1173.2 99.74 
Y88 
1332.5 99.85 
107.4 day 898.0 91.4 
S e 7 5 
1836.1 99.4 









B a 1 3 3 
400.1 
22.3 J 10.66 yr 80.9 58.2 ^ 276.5 11.8 ( (c) 302.8 29.8 f 
355.9 100 J 
(a) All values, unless otherwise stated, are taken from the calibration 
certificates by IAEA with the standard sources. 
(b) P. Venugopala Rao and R„ W. Fink, Nucl. Phys. 81, 296 (1966). 
(c) H. E. Bosch and A. J. Haverfield, Nucl. Phys. A108, 209 (1968). 
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of detection efficiency vs. energy gives a straight line for gammas of 
energy greater than about 120 keV. Below 120 keV, absorption in the 
aluminum window becomes increasingly serious and causes the curve to 
turn down. The solid line is a least squares fitting which can be 
represented empirically by 
where g is in percent and Ey in keV. 
The gamma spectra of irradiated targets were recorded with a 
400-channel analyzer successively at various time intervals after the 
end of irradiation. For short lived activities the target was brought 
to the detection position by a fast transfer rabbit system and its gamma 
spectra were recorded in a magnetic digital tape recorder. The recorder 
can record a 400-channel spectrum in 4 seconds and store up to 36 spectra 
on the tape cartridge. The spectra were later printed out with a fast 
Franklin printer which can print 40 digits/sec. From these spectra, the 
half-lives and energies of various gammas in the spectrum were determined 
simultaneously. The activities were then identified by both the half-life 
and the gamma energy. 
The counting rate of a given gamma at a particular energy is 
obtained from the peak area less the background, which is estimated from 
the spectrum graphically. The average counting rate corrected to the end 
of the irradiation is given by 






where the n is the number of the counting rates measured for a given 
equation 
e t d r s 
where e is the overall detection efficiency of the given gamma activity 
obtained from the calibration curve (Figure 3) or from equation (2-38), f^, 
the number of gammas per decay of the nuclide from its decay scheme, and 
f , the correction factor for the self-absorption in the target. The f s s 
is calculated from 
-(M . /p ) (px ) 
f " 1 " e — (2-41) 
S (M</p)(px) 
where (l^) is the mass absorption coefficient of the target material 
taken from Davisson's t a b l e s , a n d (px), the thickness of the target 
2 
in mg/cm . In the cases that: the target is a mixture of several com­
ponents, which is mostly the case in the present investigation, a weighted 
average of the component mass absorption coefficients, (MVp)av, is sub­
stituted for (M»/p ) in equation (2-41). The (M-/p)av is given by 
n 
(^/p) a v = X ( ^ > i w i < 2- 4 2> 
i=l 
th 
where ( i V p ) ^ is the mass absorption coefficient of the i component, w^, 
the weight percentage of the component, and n, the number of components 
in the target. 
gamma and C^, the i counting rate at time t̂  which is the middle point 
th 
of the i counting period between t^a and t ^ both measured from the end 
of irradiation. The zero time activity A° is then calculated from the 
21 
It should be noticed that the zero time activity A so obtained is 
not the absolute disintegration rate; rather, it is a relative activity, 
because the standard sources used in the determination of the calibration 
curve are essentially point sources, whereas the sample target sources 
are not. Moreover, the geometrical position of the standard sources and 
that of the sample sources are not exactly the same. However, only the 
ratio of the activities is needed in the calculation of cross sections 
as is shown in equation (2-32). Therefore no absolute disintegration 
rate is necessary. 
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CHAPTER III 
RESULTS AND ERRORS 
3.1. Evaluation of Cross Sections 
All the cross sections determined are either directly or indirectly 
relative to the cross section of the standard reaction 
Fe 5 6(n,p)Mn 5 6 (2.57 hr) a = 100 ± 6 m b ( 8 ^ 
Other standard reactions include 
27 24 (9) Al (n,a)Na (15 hr) a = 114 ± 6 mb 
and 
Si 2 8(n,p)Al 2 8 (2.238 min) a = 252 ± 15 m b ( 1 0 ) 
The parameters used in these reactions are listed in Table 2. 
The cross sections determined are summarized in Tables 3 through 
6. In these tables the half-lives, the gamma energies, and the values 
of the gamma rays counted are all included. 
Some special cases which need further discussion individually are 
given below, 
3.1.1. Ru 9 6r(n,np) + (n,pn) + (n,d)) Tc 9 5 g(20 hr) 
95g 
In this reaction the product nucleus, Tc , is also the daughter 
95 
of Ru , which is the (n,2n) reaction product. Therefore, the 20 hr gamma 
activity of Tc 9^^ measured arises from two sources. The situation is 
similar to the cases in which, an isomeric state is involved in the reaction 
23 
Table 2. Parameters for Standard Reactions 
Reaction Half-life E (keV) f Cross Section (mb) 
Fe 5 6(n,p)Mn 5 6 2.576 hr 847 0.987 100 ± 6 W 
Al 2 7(n,»)Na 2 4 15 hr 1369 1.0 114 ± 6 ( 9 ) 
Si 2 8(n,p)Al 2 8 2.238 min 1780 1.0 252 ± 1 5 ( 1 0 ) 
All the values, unless otherwise stated, are taken from Reference 6. 
f , is the number of gammas per decay, d 
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product, i.e. the cross sections for the (n,2n) and (n,np) + ...reactions 
correspond respectively to the isomeric and ground state cross sections. 
Therefore, the cross section of the (n,np) +... reaction can be similarly 
95 
determined. From the gamma activity of 1.65 hr Ru the (n,2n) cross 
section is determined to be 
a = 569 ±30 mb (3-1) Zn 
95 
After the activity of 1.65 hr Ru has died off, the measured 20 hr gamma 
95g 
activity of Tc. & gives the composite cross section of the (n,2n) and (n,np) +... reactions 
' c P s = % + * 2 „ 847 ± 60 m b ( 3 - 2 ) 
In equations (3r-l) and (3-2) the subscripts 2n and np refer to the (n,2n) 
and (n,np) +... reactions, respectively. Substituting equation (3-1) into 
equation (3-2) for . 91 , it is found that 
Zn 
Q = 227 ± 70 mb (3-3) np 
However, the latter is obtained from the difference of two rather large 
values, and its accuracy is therefore very sensitive to the accuracies of 
both 0* and o_ values. Hence, a better method was used to check the cps zn 
accuracy of this result. 
In the second method, the growth and decay of the 20 hr activity 
of Tc 9^^ was followed from the end of the irradiation. A least squares 
fitting of the counting rates to equation (2-23) gives (see Figure 4) 




From the value previously reported by the author in Phys. Rev. CI 358 
(1970), the quantity 0.46 should be subtracted for the term 
- — ^ — ( 1 . \ipS2nj 
X2n" Xnp X2n 8np 
and the (n,np) +... cross section derived from the ratio given in that 
paper should be corrected accordingly to give 216 =•= 50 mb. 
M = 250 ± 30 cpm (3-5) 
From equations (2-26) and (2-27), together with the related equa­
tions, it is shown that the cross section ratio a / c r 0 can be expressed 
np 2n r 
by 
n P 2 n 2 n n p *2n" Xnp *2n" >np 
where the subscripts 2n and np refer to (n,2n) and (n,np) + ..-. reactions, 
respectively. When the numerical values were substituted into equation 
(3-6) it is found that 
o- /a = 0.36 =1=0.13* (3-7) np 2n 
It should be noticed that the cross section ratio determined in this way 
95e 
is independent of the detection efficiency, the decay scheme of Tc , 
and self-absorption, because the same activity is measured in the ratio 
and the parameters e, f , and f cancel out. The large error is mainly 
d s 
due to counting statistics which can be improved by increasing the source 
strength or by a radiochemical separation of Tc from the target as was 
done in the Cd^^ case discussed below. 
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From the (n,2n) cross section (equation (3-1)) measured from the 
95 
activity of 1.65 hr Ru and the cross section ratio (equation (3-7)) 
from the activity of 20 hr Tc' , the cross section for the (n,np) +... 
reaction is found to be 
o- = 205 ± 75 mb (3-8) 
np . ' 
The agreement between equation (3-3) and (3-8) is good. The weighted 
average of these two values is 
CT = 216 ± 50 mb (3-9) np 
The cross section of the (n,2n) reaction can also be determined 
from the value of M in equation (3-5) and is found to be 
O" = 590 ± 70 mb (3-10) 2n 
Also, from equations (3-2) and (3-7), it is found that 
o- = 572 ± 50 mb (3-11) 2n 
Both of these values are in good agreement with the value 569 ± 30 mb 
95 
which is determined from the activity of 1.65 hr Ru . 
The weighted average, o ± <5 is defined by 
n n 
and 
6 = 1 1 6 ? i=l vi 
where the 6's are percent errors. 
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3.1.2. Cd 1 0 6(n,2n)Cd 1 0 5(55 min) and Cd 1 0 6( n <np)+... Ag 1 0 5(41.2 d) 
Since the decay scheme "of 55 min Cd^"* is not sufficiently well 
106 
known, the (n,2n) cross section of Cd cannot be determined directly 
from the activity of Cd^"*. Therefore, the activity of the 41.2 d A g ^ ^ 
was used to determine both the (n,2n) and the (n,np) + .... cross sections. 
The method is similar to that described in Section 3.1.1. for the case 
96 
of Ru . However, there is a difficulty in this case. Due to the long 
half-life of Ag^.^(41.2 d) and the low isotopic abundance of Cd^^(1.2270) 
in natural Cd, the activity of Ag^^- is not sufficiently strong to get 
105 
several counting rates before the 55 min Cd dies off as required to 
resolve the measured Ag^^ activity (see equation (2-23)). To overcome 
this difficulty, radiochemical separations of Ag^"* from the irradiated 
target at various times were performed. The advantage of the separation 
is that the time scale in equation (2-23) is set by the time at which the 
Ag is separated, and the counting rate at that time can be obtained later 
by counting the separated sample. Thus, the sample can be counted for a 
longer period to improve the counting statistics. In addition, the Compton 
background of the separated sample is also reduced, because many of the 
unwanted activities are removed in the separation process. The reduction 
of the Compton background is important in this case, because the energy 
105 ' 
of the gamma activity of Ag measured is 281 keV which is lower than 
those of most of the gamma activities present in the target. 
To avoid the necessity of determining the chemical yield of the 
112 
separated sample, the 617 keV gamma of 3.14 hr Ag from the (n,p) 
112 
reaction of Cd was used as an internal standard. With the value of 
15.3 *1.3 mb for the Cd*"^"(n,p)Ag^2 reaction measured in the present 
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work, the composite cross section for both (n,2n) and (n,np) +... reaction 
of C d 1 0 6 is found to be 
a c P s = % * \ i r \ n / 2 n Z 1 1 9 0 ±" 105 »* (3-12) 
To determine the cross section ratio of the two reactions three 
separate runs with total of six Cd targets were made. The result is 
c r n p / j 2 n = 0.220 ± 0.023 (3-13) 
The cross section ratio so determined is also independent of the detection 
efficiency and of the decay scheme of Ag^"\ Since the separated samples 
were thin, the variation of the f values due to variations in the thick-
s 
ness of various samples was also negligible. 
From the values in equations (3-12) and (3-13) it is found that 
a 2 n = 975.±86mb (3-14) 
and 
c j ^ = 215 ± 29 mb (3-15) 
The Ag*^ activity in the Cd-fraction from which Ag has been 
separated arises entirely from the decay of Cd*^. Therefore, the (n,2n) 
cross section of Cd*^ c a n also determined from the activity of Ag^5 ^ n 
the Cd-fraction. Using the Cd*^ (n,2n) Cd^^g reaction as an internal 
standard, with cr = 820 ± 50 mb measured in the present work, the (n,2n) 
cross section of Cd*^ was found to be 945 ± 85 mb which is in good agree­
ment with the value in equation (3-14) obtained from the Ag**^ activity in 
the Ag-fraction. 
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Recently, Hopke et al . A * ^ found a 7.23 min isomer in Ag^"* which 
will affect the results obtained above if the isomer has branching to 
the levels of P d ^ \ However., the branching was estimated to be only 
about 4%^^^ and the effect on the cross sections obtained above is even 
smaller; therefore, no correction for the effect of branching from the 
7.23 min A g ^ ^ m isomer was made. 
3.1.3. Sn 1 1 2£(n,np) + (n,pn) + (n,d))ln i n (2.8 d) 
This cross section was also determined by the same method used in 
the case of Ru9**. From the 760 keV gamma ray of 35 min Sn*^ the (n,2n) 
cross section was determined to be 
CT2n = 1 1 0 0 ± 8 0 m b (3-16) 
The measurement of the 171 keV and 247 keV gammas of In*^ after all 
Sn*** has decayed gives 
CTcps = % t ^ J X p > 2 n = 1 2 7 5 ± 1 0 0 m b ( 3- 1 7> 
From these two values it is found that 
o" = 175 ± 128 mb (3-18) np 
To determine the latter value more accurately, the cross section 
ratio, c r np/ C J2 I 1» w a s determined by the same method used in the case of the 
Ru9^(n,np) +... reaction, and from three separate runs, the result was 
found to be 
a n p / a 2 n = 0.15 ±0.05 (3-19) 
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From this ratio and the (n,2n) cross section in equation (3-16), the 
cross section of the S n ^ 2 (n,np) + ... In^"^ was found to be 
a 165 ±66 mb (3-20) np 
The agreement of these two values is very good although the errors are 
large. The weighted average of these two values is 
a = 168 ± 59 mb (3-21) np 
From equations (3-17) and (3-19) the (n,2n) cross section is also found 
to be 
0 " 2 n = 1110 ± 100 mb (3-22) 
The agreement of these two (n,2n) cross section values (equations (3-16) 
and (3-22)) is also very good. 
3.1.4. M o 9 2 (n,2n) M o 9 1 g (15.5 min) 
^ In this case there is no gamma transition in the decay of M o 9 2 g . 
The cross section ratio ^g/ 0^ was determined by following the decay of 
the positron annihilation radiation by use of a similar method to that 
96 
described in Section 3.1.1. for the case of Ru . However, there is a 
modification required in that a term for the branching of Mo 9^ m, which 
also gives annihilation radiation, must be included in equation (2-23). 
The result is 
CTg/CTm = 1 2 ' 4 ± 0 - 6 (3-23) 
See footnote in Section 3.1.1., page 27. 
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The cross section for the metastable state was determined from 
the isomeric transition gamma ray to be 
CT = 16.2 ±1.2 mb (3-24) m v ' 
From these two values the ground state cross section is found to be 
o~ — 201 ± 17 mb (3-25) 
Generally, the detection efficiency for the positron annihilation 
radiation is not the same as that of the 511 keV gamma rays. Therefore, 
the positron annihilation radiation of Mo . is not used to determine the 
absolute cross section of the reaction. In the determination of the 
cross section ratio cr /cr in the present case the efficiency ratio of the 
g' m J 
positrons from M o 9 ^ m to those from M o 9 ^ is taken as unity. Since these 
two groups of positrons have approximately the same maximum energy, the 
difference in the detection efficiencies for their annihilation radiations 
is expected to be negligible. 
3.2. Errors in the Measured Cross Sections 
In the present investigation, the mixed powders method first 
developed by Rao and Fink^^ was used. The advantages of this method 
(4) 
were discussed by Fink> ' The consistency of this method was confirmed 
by Rao^ 5) from a compilation of the Fe 5 6(n,p) M n 5 6 to Al27(n,or) N a 2 5 cross 
section ratio made over a two year period by various investigators for 
many different cross section measurements. This procedure of intimately 
mixing of sample and standard materials eliminates the geometrical errors 
present in the procedure of sandwiching the sample between foils that act 
3 3 
as flux monitors, because the sample and standard materials are irradiated 
and counted together. This method gives more accurate results for cross 
(1 4) 
section measurements, especially in cases where hard gammas are emitted; ' 
The errors quoted in the Tables 3 through 6 for the cross sections 
are root-mean-square errors and are comprised of the following: 
(1) Errors in the photopeak efficiency of the detector. This 
represents the major error in the measurement. The standard sources used 
in the calibration of the detection efficiency curve are accurate to 
(12) 
1-2% v 7 and the accuracy of the calibration curve is about 3%. The 
absolute detection efficiency for the sample sources may deviate from the 
calibration curve, because the size of the sample sources are much larger 
than the calibration standard sources which are essentially point sources. 
However, no serious departures in relative efficiencies were observed 
except at energies below 60 keV.^^ Since the ratio of two efficiencies 
is always involved in the calculation of the cross section, the error can 
be reduced by selection of a standard having a gamma ray with energy close 
to the one under investigation. In general this error is about 4% depend­
ing on the energy of the gamma ray measured. 
(2) Statistical error. The error in counting statistics is in 
general small. Except for a few cases in which the gamma activities are 
weak, this error is about -1-2%. 
(3) Error in the self-absorption correction. Thin samples were 
used whenever low energy gammas were, involved to reduce the error in this 
correction. The error in f amounted to 1-2% at most, but is considerably 
lower than this for high-energy gamma rays. 
(4) Error in weighing and mixing of the samples. Weighing errors 
34 
are negligible (<0.17 o), but the error due to non-uniform mixing of the 
sample and standard powders can be considerable.^'^'^ However, the 
non-uniform mixing becomes obvious from the measured activity ratio of 
N a 2 4 / M n 5 6 from which the Al 2 7(n,^)Na 2 4 to Fe 5 6(n,p)Mn 5 6 cross section 
ratio was derived, and runs in which the cross section ratio deviates 
from 1.14 ± 0.08 were repeated. 
(5) Error in timing. For long irradiation and counting times the 
timing errors are negligible. When short-lived activites are involved, 
the irradiation and counting times were measured to 0.5 second. Spectra 
were generally taken with less than 20% dead-time in the analyzer. In 
general, timing errors were negligible. 
The errors in the standard cross section and in of the sample 
and standard activities are not included in the reported errors, because 
any revision in the decay schemes permits easy recalculation of the cross 
sections in the future, since the values of f^ used in the present work 
are given in the tables. 
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Table 3. (n,2n) Cross Sections at 14.4 ±0.4 Mev 
from the Present Work 
Reaction Half-Life (kev) 
(a) Measured Cross 
Section (mb) A*) 
Ni 5 8(n,2n)Ni 5 7 
Zr 9 0(n,2n)Zr 8 9 m 
Zr9°(n,2n) Z r 8 9 g 
Zr 9 6(n,2n)Zr 9 5 
Nb 9 3(n,2n)Nb 9 2 m 
Mo 9 2(n,2n)Mo 9 1 m 
Mo 9 2(n,2n)Mo 9 1 g 
Ru 9 6(n,2n)Ru 9 5 
Mo 1 0 0(n,2n)Mo" 
Ru 9 8(n,2n)Ru 9 7 
Ru 1 0 4(n,2n)Ru 1 0 3 
Rh 1 0 3(n,2n)Rh 1 0 2 m 
„.103/ _ 102g Rh (n,2n)Rh & 
„,102, _ NT,,101 Pd (n,2n)Pd 
Pd 1 1 0(n,2n)Pd 1 0 9 m 
Pd 1 1 0(n,2n)Pd 1 0 9 n r i- g 
Cd 1 0 6(n,2n)Cd 1 0 5 
Cd 1 0 8(n,2n)Cd 1 0 7 
Cd 1 1 0(n,2n)Cd 1 0 9 
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0.86 38 ±5 
0.87 79.5 ±5.6 


































Table 3 (Continued) 
Reaction Half-Life (kev) 
(a) Measured Cross 
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Table 3 (Continued) 





Ce 1 4 0(n,2„)Ce 1 3 9 m 54 sec 746 0.93 621 ±70 
Ce 1 4 0(n,2„)Ce 1 3 9 n*S 140 d 165 0.81 1593 ±130 
„ 142, . N „ 141 Ce (n,2n)Ce 32.5 d 145 0.48 1730 ±170 
(b) 
(a) All values, unless otherwise stated, are taken from Reference 6. 
rm. r ™ 92. o w 91m , _ 140, 0 \ _ 139m , , 
(b) The cross sections of Mo (n,2n)Mo and Ce (n,2n)Ce are based 
28 28 
on the Si (n,p)Al standard reaction with (7=252 ±15 mb (Ref. 10). All other cross sections are based on the Fe (n,p)MQ56 reaction with 
ct=100 ±6 mb (Ref. 8). The errors are discussed in Section 3.2 
(c) L. Broman and S. Boreving, Arkiv Fysik 34 259 (1967). 
(d) See text (Section 3.1-4). 
(e) M. Adachi, H. Taketani, and K. Hisatake, J. Phys. Soc. (Japan) 24 
227 (1968). 
(f) See text (Section 3.1-2). 
(g) G. Graeffe, C. W. Tang, C. D. Coryell, and F. E. Gordon, Phys. Rev. 
149, 884 (1966). 
(h) This is a composite cross section including only 91% metastable 
state, i.e. X*/(X 1 - \?) = 0.91. 
(i) Nuclear Data Sheets, compiled by K. Way et al. (Printing and 
Publishing Office, National Academy of Sciences—National Research 
Council, Washington, D„ C. 20418). 
(j) G. Berzins, L. M. Beyer, and W. H. Kelly, Nucl. Phys. A93, 456 (1967). 
(k) G. Graeffe and W. B. Walters, Phys. Rev. 153, 1321 (1967). 
(1) A. Abdulmalek and R. A. Nauman, Phys. Rev. 166, 1194 (1968). 
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Table 4. (n,p) Cross Sections at 14.4 ±0.4 Mev 
from the Present Work 
Reaction Ha I f-Life (kev) Measured Cross Section (mb) (b) 
Ni 5 8(n,p)Co 5 8 
_ 90. w 9 0 m Zr (n,p)Y 
2r 9 1(n,p)Y 9 l B' 
Zr 9 2(n,p)Y 9 2 
Mo 9 6(n,p)Nb 9 6 
v, 9 7 t M a i 9 7 ™ 
Mo (n,p)Nb 
Mo 9 7(n,p)Nb 9 7 g 
Mo 9 8(n,p)Nb 9 8 g 
Ru 9 6(n,p)Tc 9 6 
R h 1 0 3 ( n , P ) R u 1 0 3 
— j 105 . ^ 1 0 5 Pd (n,p)Rh 
P d 1 0 6 ( n , p ) R h 1 0 6 m 
P d 1 0 6 ( n , p ) R h 1 0 6 8 
„,108, \ n t108 Pd (n,p)Rh 
,^106, w 106m Cd (n,p)Ag 
„,106, X A 106g Cd (n,p)Ag 
_,112, '• 112 Cd (n,p)Ag 
c 112. 112m Sn (n,p)In 
_ 112. 112g Sn (n,p)In ° 
_ 116. v _ 116m Sn (n,p)In 
. 1 1 7 . w 117m Sn (n,p)In 
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Table 4. (Continued) 
Reaction Half-Life E (kev) 
(a) 
f\ Measured Cross., 
Section (mb) { b ) 
„ 138. N n 138 Ba (n,p)Cs 
_ 140 , x r 140 Ce (n,p)La 
32.2 min 463 0.23 3.8 ±0.6 
329 0.21) 
40.22 hr 487 0 . 48K i ) 6.3 ±0.5 
1596 0.96 
(a) All the values, unless otherwise stated, were taken from Reference 6. 
56 56 
(b) The cross sections are based on the standard reaction Fe (n,p)Mn 
with a = 100 ±6mb. The errors are discussed in Section 3.2. 
(c) G. Graeffe and A. Siivola, Nucl. Phys. A109, 380 (1968). 
(d) There is possible contribution from the Pd^"^(n,np) +... Rh^^ : 
reaction. 
(e) J. Vrzal, E. P. Grigorev, A. V. Zolotavin, J. Liptak, V. D. Sergeev, 
and J. Urbanet, Bull. Acad. Sci. USSR, Phys. Ser. 31, 692 (1967). 
(f) P. Venugopala Rao and R. W. Fink, Nucl. Phys. A103, 385 (1967). 
(g) E. W. A. Lingeman, J. Kpwijn, and L. G. R. Mathod, Nucl. Phys. A113 
33 (1968). 
113 112 
(h) There is possible contribution from the Cd (n,np) +... Ag 
reaction. 
(i) H. W. Baer, J. J. Reidy, and M. L. Wiedenbeck, Nucl. Phys. A113,'33 
(1968). 
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Table 5. Cross Sections at 14.4 ±0.4 Mev 
from the Present Work 
fa) 
Reaction Half-Life E(kev) f^ Measured Cross „\ Section (mb) 
Zr 9 4(n,a)Sr 9 1 
Nb 9 3(n,*)Y 9 0 m 
Mo 9 2(n,c)Zr 8 9 m 
Mo 9 2(n,c)Zr 8 9 8 
Mo 9 8(n,a)Zr 9 5 
P d 1 0 6 ( n , c ) R u 1 0 3 
P d 1 0 8 ( n , a ) R u 1 0 5 
• 1 3 3 . ^ T 1 3 0 Cs (n,a?)I 
„ 138. v 135m Ba (n,<*)Xe 
B a 1 3 8 ( n , « ) X e 1 3 5 8 


















































(a) All the values, unless otherwise stated, were taken from Reference 6. 
56 56 
(b) The cross sections are based on the standard reaction Fe (n,p)Mn 
with cr = 100 ±6 mb. The errors are discussed in Section 3.2. 
(c) L. Foin, J. 0ms, J. Blachet and J. Crancon, Nucl. Phys. A123, 513 
(1969). 
(d) S. 0. Schriber and M. W. Johns, Nucl. Phys. A96, 337 (1967). 
(e) D. D. Wilkey and J. E. Willard, J. Chem. Phys. 44, 970 (1966). 
(f) This is a composite cross section including 77% of the metastable 
state, i.e. \.^/(K^ - X,2) = 0.77. 
(g) P. Alexander and J. P. Lau, Nucl. Phys. A121, 612 (1968). 
(h) J. C. Hill and M. L. Wiedenbeck, Nucl. Phys. A119, 53 (1968). 
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Table 6. [(n,np) + (n,pn) + (n,d)] Cross Sections 
at 14.4 ±0.4 Mev from the Present Work 
-• „ ,•_ - E - Measured Cross Target Product Half-life N f, o ... / u\ & (kev) d Section (mb) 
N i 5 8 C o 5 7 272 d 122 0.85 ( a ) 509 ± 5 1 ( b ) 
R u 9 6 T c 9 5 m 61 d 204 0.835 ( C ) 52 ±10 
_ 96 Ru T c95g 20 hr 768 0.94 ( c ) 216 ± 5 0 ( d ) 
Cd Ag 41.2 d 281 0.32 ( e ) 215 ± 2 9 ( f ) 
„ U 2 Sn t H I In 2.81 d 173 247 
0.89^> 
0.93 ( a ) 168 ± 5 9
( 8 ) 
** The cross sections are based on the standard reaction Fe (n,p)Mn 
with a = 100 ±6 mb (Reference 8). The errors are discussed in 
Section 3.2. 
(a) Reference 6. 
(b) The small contribution from the corresponding (n,2n) reaction has 
been corrected. 
(c) G. Chilos, E. Eichler, and N. K. Aras, Nucl. Phys. A123, 327 (1969) 
(d) See text (Section 3.1.1). 
(e) W. R. Pierson and K. Pengan, Phys. Rev. 159, 939 (1967). 
(f) See text (Section 3.1.2). 
(g) See text (Section 3.1.3). 
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CHAPTER IV 
DISCUSSION OF THE RESULTS 
4.1. Fundamental Equations for the 
Statistical Model Calculation of Cross Sections 
(13) 
According to the statistical theoryv ' of nuclear reactions, the 
cross section °"(n,x) for a reaction, in which a neutron is absorbed by 
a target nucleus A forming a compound nucleus (A + 1) which subsequently 
emits a particle x, can be represented by 
F 
cr(n,x) = a c (4-1) 
. L i i 
where CTc is the compound nucleus formation cross section; and F. is the 
relative probability of emission of particle i. The F^ functions are 
given by 
E 
F, - Kg.m. [ m Bff."(E)w (U.)dE (4-2) 
where K is a constant; g^ is a statistical weight factor given by 2s^ + 1 
where s^ is the spin of the emitted particle i; nu is the reduced mass; 
E is the kinetic energy of the particle i; Q.^(E) is the inverse reaction 
cross section of the particle 1 at energy E with the residual nucleus at 
excitation energy U^; and w^(U^) is the level density of the residual 
nucleus at excitation energy U^ given by 
U i = E n + ( W ) " E ( 4 " 3 ) 
where E n is the incident neutron energy in the center of mass system, 
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Q, .v is the Q-value of the (n,i) reaction, with no correction for pairing 
energy. The upper limit E m for the integration is the maximum energy 
available to the emitted particle i and is given by 
^ = E„ + V i ) (4"4) 
The (n,2n) cross section can be represented by 
F F _, / 0 N _ 2n • .1 2n „, ' . a(n,2„) = a c = — = a c ^j-j—. — (4-5) 
" i I i 1 n 
(i = n, p, , etc.) 
where F2- is the relative probability of emitting two neutrons from the 
compound nucleus (A + 1), and F n is the relative probability of emitting 
a neutron irrespective whether or not more particles or gamma rays will be 
emitted following the neutron emission. The relative probability of two 
(14) 
particle emission has been calculated but a relatively crude model is 
usually used^"*'*7^ for multiple neutron emissions. The model assumes 
that the compound nucleus A resulting from the emission of a first neutron 
from the compound nucleus (A + 1) will emit a second neutron or even a 
third neutron whenever it is energetically possible. The ratio F2n'*n 




F 2 n _ _ 1 0 
F~ ^ ( 4 " 6 ) 
EC7(E)w(E)dE n Jn 
0 
This assumption is of doubtful validity as is discussed in Section 3.2. 
4 4 
where S n is the separation energy of a neutron from the target nucleus A. 
In the use of equation (4-6) for calculations, the variation of 
the inverse reaction cross section a(E) with E is usually ignored and 
an exponential function for the level density is used^ 3'^"^" 7^ e.g. 
w(U) = ke 2 ^ (4-7) 
where k is a constant and a is a level density parameter assumed to be 
constant with excitation energy U. 
For simplicity the following quantities are defined. 
G o = 2 ( X d 2 " 3 X 0 + 3 ) ( 4 " 8 ) 
and 
G L - X 2(Xj - 1) - X x 3 + 3(X X 2- 2X X + 2) (4-9) 
where 
and 
X c - y4al: a (4-10) 
X x = vA4af3n (4-11) 
In terms of the above quantities equation (4-6) can be integrated to give 
\=7^77T6 (4-12> o o 
X 2 
Since G Qe ° is very large compared with X^ - 6, equation (4-12) can be 
approximated by 
F 9 /F = 1 - (G,/G ) e ' 2 ^ ^ " ̂  (4-13) 
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The ratio F- /F can be calculated by substituting S„ , the Jn n 2n 
separation energy of two neutrons, for S n in equation (4-13) and related 
equations. 
For charged particles emission, the probability ratio Fq/F n can be 
expressed by 
Jb"̂ "'' (̂ )w (U )dE 
F / F - i - 2 - J _ (4-14) 
q n Jq »E 
n Ea (E)w (J )dE 
J q n n n 
where the subscripts q and n refer to charged particles and neutrons, 
respectively; is given by 
3q = 8q n'q / 8n mn ( 4 " 1 5 ) 
Q, N is the Q-value of the (n,q) reaction; and B„ is the effective (n,q) v q 
Coulomb barrier that a charged particle must overcome to escape from the 
compound nucleus and is given by 
Bq = k q V q ( 4 - 1 6 > 
where is a coefficient varying with atomic number Z obtained from 
Dostrovsky et al., and V is given by 
V p = 1.019(Z - 1)/(A 1 / 3 + 1) M e V (4-17) 
and 
2.038 (Z-2) r 4 _ l g v 
(A-3) L / + 4 1 
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where A and Z are, respectively, the mass number and atomic number of the 
target nucleus, and a unit radius of 1.4 fermis was used to give the 
numerical coefficients. 
In the use of equation (4-14) in calculations, the inverse reaction 
cross sections has been assumed to be v ' 
VE> " C T° ( 1 " V E ) f o r E > Bq ( 4"1 9 ) 
and 
tfq(E) = 0 for E < B q (4-20) 
where cr is a constant, o 
(19) 
Using Bodansky's method of expansion with the modification that 
the logarithm of the level density was expanded in a Taylor series about 
U_. instead of about U - E + B . it can be shown that o o a * 
(U rU 0)/T 
where 
w.(U.) = w.(U Q)e (4-21) 
(i = n,p,«, etc.) 
U i = E n + (5(n,i) " 5 i " E < 4" 2 2> 
(q = P><*> etc.) 
and the nuclear temperature T is defined by 
\ " I ^ V ™ V„ ( 4 - 2 ^ ) 
o 
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In equation (4-22), 6\ i s the pairing energy of the product nucleus of the 
(n,i) reaction. 
In the derivation of equation (4-21), the nuclear temperature T 
was assumed to be constant so that only the first two terms in the Taylor 
series need be used. For simplicity, the following parameters are defined, 
E „ = E + Q / N - B (4-25) mq n x(n,q) q v ' 
and 
D = Q, N + 5 T - 6 n - B (4-26) q x(n,q) T R q 
. (q = P,<*, etc.) 
where 6̂ , and 6^ are respectively the pairing energies of the target and 
(20) 
the product nuclei obtained from Cameron and Elkin with positive sign, 
Equation (4-14) is then integrated to give 
q n q q n 
where 
and 
I q = 1 - (1 + E m q / T ) e " E m q / T (4-28) 
(q = P, a, e t c ) 
I = 1 - (1 + E / T ) e " E n / T (4-29) n n 
In obtaining equation (4-27), the difference in level densities of 
different residual nuclei at the same excitation energy U Q was ignored, 
i.e. the ratio w„(U )/w (U ) was taken as unity. For 14 Mev neutrons, I„ q o n o J * n 
in equation (4-29) is essentially unity, and the probability ratios of 
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charged particles emission to neutron emission can then be expressed by 
F / F = I e D p / T ( 4 - 3 0 ) 
P n p 
and 
V . = 'V** ( 4 - 3 1 ) 
Since the probability of emitting an alpha-particle or other kind 
of charged particle is very small compared with that of neutron emission, 
the following approximate expressions were obtained. 
a(n,p) =a cI peDe / T/(l + I peDP / T) ( 4 - 3 2 ) 
(n,or) =ac(2lacVT)/(l + I p e D P / T ) ( 4 - 3 3 ) 
and 
where 
c r X n ^ n ) = a c ( F 2 n / F n ) / ( l + I p e D p / T ) ( 4 - 3 4 ) 
F 2 „ / F „ = l - d + !2 - l f a ) e-( En- Sn) / T ( 4 - 3 5 ) 
is obtained from equation (4-6) with the level density given by equation 
(13) 
(4-21) and is the same as given by Blatt and Weisskopf. ' 
4.2. Comparison of the Present Results with Previous Work 
Most of the previous measurements were made with beta-counting or 
gamma-counting with Nal(Tl) detectors. Beta-counting has the problem of 
resolving a continuous beta-spectrum into its components by the difference 
in half-lives and is highly unreliable when many activities or thick 
sources are involved. Gamma counting with Nal(Tl) detectors often suffers 
4 9 
from the defect of poor resolution. Some of the early results were not 
The previously reported values were at various neutron energies ranging 
from about 14.1 to 14.8 Mev. 
corrected for the decay of the neutron flux during the irradiation, which 
occasionally can give rise to substantial error when the activities com-
(21) 
pared do not have comparable half-lives. Finally, when annihilation 
radiation from P. sources is counted, the detection efficiency becomes 
highly uncertain due to the uncertain effective "size" of the source. 
In Tables 7 through 10, the total cross sections measured in the 
present work are compared with previously reported values, together with 
various theoretical or semiempirical predictions. In general, the present 
values agree with previously reported values whenever the latter are in 
good agreement with each other. However, discrepancies were observable 
for cases in which only one or a few previous values were available. In 
the present work, the cross sections were determined from at least two 
separate runs and/or from several gamma transitions and they were all 
consistent. 
4.3. (n,2n) and [(n,,np) + (n,pn) + (n,d) ] Reactions 
4.3.1. Systematics of the (n,2n) Cross Sections 
Taking all of the experimental values reported in the literature and 
plotting them against mass number in separate curves for even-Z and odd-Z 
(22} 
cases, Bormannv J observed apparent shell structure effects around the 
(23) 
magic neutron numbers. A similar study was made by Manero, and he 
implied that effects can also be seen at the closure of proton shells. 
Cuzzocrea and Notarrigo^ 2 4^ reported that at neutron shell and subshell 
closures in the target nuclei, (n,2n) cross sections are found to increase 
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Table 7. Comparison of Total (n,2n) Cross Sections Measured in the 
Present Work with Various Predictions and with Previous Values 
Z r 9 6 4 0 Z r 
92 
42"° 
11.54 652 ±31 617 645 685 877 ±51, 973 ±97, 
768 ±23, 502 ±36, 
544 ±22, 750 ±50, 
800 ±120 
7.55 1456 ±90 1463 1317 1570 
12.68 217 ±18 350 326 240 256 ±35, 158 ±5, 
170 ±14, 107 ±7, 
155 ±10, 132 ±21, 
211 ±16, 130 ±29, 
310 ±87, 315 ±35, 
191 ±40 
100 
4 2 M O 8.34 1389 ±84 1520 1329 1530 1510 ±180,3790±1900, 
2039 ±210,1910 ±190, 
1762 ±200 
R u 9 6 
44 10.37 569 ±30 832 1023 982 634 ±55, 478 ±90, 
2600 ±300, 860 ±43, 
616 ±50 
R u 9 8 
44 9.94 1168 ±96 1047 1127 1245 
R u 1 0 4 
44 8.72 1440 ±80 1573 1356 1470 2500 ±500 
R h 1 0 3 
45 9.29 957 ±57 1342 1287 1390 
/ \ (j Theoretical Predictions 
Target S exp Pearlstein Gardner Present . „ , 
n f \ / j \ Previous Values 
(Mev) (mb) (mb)^ P ; (mb) W f m b K } (mb) ( e J 
N . 5 8 
28 1 12.35 38 ±4 26 77 36 37 ±3, 40 ±5, 39 ±4, 
39.3±2, 38 ±2.7, 
31.7±2.5, 40.6 ±12, 
34.3 ±1.7, 33.4 ±2.7, 
38.8 ±8.2, 34.2 ±2.6, 
31 ±4, 52 ±5, 36 ±3 
A n Z r 9 0 40 
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Table 7. (Continued) 





Pearlstein Gardner Present Previous Values 







10.53 637 ±45 978 
8.78 1416 ±150 1590 














10.43 865 ±100 1153 1154 1130 504 ±76 
48 Cd 
110 







8.63 1387 ±71 1670 
10.85 1100 ±100 1065 






1000 1508±112, 725±80, 
1110±127,1217±138 









9.04 1615 ±63 1611 
8,88 1542 ±80 1680 
9.88 1615 ±110 1484 














8.36 1455 ±55 1765 1668 1725 457 ±120,753 ±107, 
676 ±58, 599 ±120 
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Table 7. (Continued) 





Pearlstein Gardner Present Previous Values 








9.31 1649 ±80 1636 
9.12 1542 ±75 1646 







9.90 1574 ±100 1509 
9.97 1318 ±90 1460 
8.97 ,1593 ±130 1710 
142 
5 8 C e 7 . 0 7 1730 ±170 1 1 8 0 ( h ) 
1552 1544 1120±400,1320±132, 
130Q±80, 1660±140 





1731 1690 2280 ±200,1804 ±105, 
1740 ±100,3000 ±400 
( h ) 1740 ( h )1695±102,1600 ±300, 
186C±170 
1200 
( 1 6 ) using the 
(a) Values are taken from Reference 39. 
(b) The values are calculated from Pearlsteinfs method 
non-elastic cross section values of Mani et al.(38) 
(c) The values are calculated from Gardner's method(15) with the modi­
fication that the cross sections are calculated directly from 
equation ( 4 - 4 3 ) without using the ratio equation and that the level 
density parameter a is given by a = A/25. 
(d) The values were calculated from equation ( 4 - 3 4 ) with effective 
thresholds given by equations ( 4 - 4 6 ) and ( 4 - 4 7 ) . For the case 
of Ni^8 the correction for the (n,np) reaction is also made 
according to equation (4-55). 
(e) The values are for 1 4 . 4 < E n < 1 4 .8 Mev taken from CINDA-69, An Index 
to the Literature on Microscopic Neutron Data, USAEC Division of 
Technical Information Extension (USAEC DTIE), USSR Nuclear Data 
Information Centre (USSR NDIC), ENEA Neutron Data Compilation Centre 
(ENEA NDCC), IAEA Nuclear Data Unit (IAEA NDU) . 
(f) This is not exactly the total cross section but a composite cross 
section including only 917o metastable state. 
(g) This value includes the [(n,np)+(n,pn)-f (n,d)] cross section which is 
estimated from equation ( 4 - 4 9 ) to be about 80 mb within the error 
limits quoted. 
(h) The (n,3n) contribution has been corrected for. 
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Table 8. Comparison of the Total [(n,np) + (n,pn) + (n,d)] 
Cross Sections Measured in the Present Work with 
Statistical Model Calculations and with 
Literature Values 





(n,np) (c) , . (c) (n,pn) (n,d) 0" 
sum 
N i 5 8 
28 509 ±51 320 ( d> 
131 
(193) 
10 461 520 ±120,527 ±63, 
540 ±50 
268 ±51 1.9 6.6 
(23) 
2.7 11 
215 ±29 0.1 1.3 
(13) 
2.0 3.4 
s o - " 2 168 ±59 0 0 1.2 1.2 
(a) The values are calculated from equations (4-52) through (4-55) and 
related equations derived from the statistical model with a constant 
nuclear temperature of 1.5 Mev. 
(b) Values are from CINDA-69 for 14.1 < E < 14.8 Mev. 
n 
(c) The values without brackets are calculated by adding 0,5 Mev to the 
thresholds for second emitted neutrons. The values in brackets are 
calculated by using ground state thresholds for neutron emissions. 
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(d) The cross section of the (n,np) component of Ni has been measured 
(4'5) 
by Glover and Purser to be 340 mb in agreement with the present 
estimation. 
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Table 9. Comparison of Total (n,p) Cross Sections Measured in the 
Present Work with Various Predictions and with Previous Values 
M o 9 6 
42 -2.37 21.3 ±1.3 22.7 28.6 37.8 36.6 ±9.2, 
97 
42 -1.15 15.9 ±1.3 17.0 20.3 18.6 108 ±54, 68 ±14, 
110 ±20, 17.7 ±1.5 
R u 9 6 
44 0.57 146 ±7 89.9 49.2 154 170 ±30 
45 K 0.05 16.9 ±1.5 22.7 9.3 19.7 11 ±3 
P d 1 0 5 
46 0.35 37.6 ±2.0 24.8 23.7 35.8 743 ±500 
P d 1 0 6 
46 -2.73 24 ±4 19.0 8.7 23.6 
46 r -3.81 8.3 ±1.5 11.3 3.3 11.9 
48^ 0.60 153 ±30 66.0 74.2 153 76 ±24 
P j H 2 
48^ -3.22 15.0 ±1.3 13.7 5.3 12.0 11 ±3, 11 ±1.1 
q n 1 1 2 
50 0.12 117 ±25 44.7 149 110 21.7±1.3,145±30, 
10 ±2.6 
q 117 
50 -0.69 15.5 ±2.1 13.0 24.4 14.5 9.6 ±0.9, 23±5, 
12 ±3 
, N• Theoretical Predictions ( a ) —. 
Target Q n ^ex Levkovskii Gardner Present Previous Values 
(Mev) (mb) ( m b ) ( b ) (mb) ( c ) (mb) ( d ) (mb) ( e ) 
M.58 
28 • 0.39 331 ±30 344 398 353 560 ±110,534 ±70, 
411 ±30, 393 ±40, 
316 ±20, 290 ±32, 
280 ±35, 418 ±11, 
318 ±25 
92 
40 -2.85 18.5 ±1.7 18.6 24.4 23.5 22 ±4, 25 ±5, 
20.7 ±5, 76 ±16 
36.6 ±9.2, 
21 ±7, 16 ±3 
5 5 
Table 9. (Continued) 
(a) Target Q CT ^n,p exp 
(Mev) (mb) 
Theoretical Predictions 
Levkovskii Gardner Present 







-4.05 3.8 ±0.6 3.4 
-2.99 6.3 ±0.5 6.1 
3.5 1.9 ±0.5, 6.3 ±2, 
3.1 ±0.2, 2.5 ±1.0, 
2.2 ±0.3 
5.9 12.2 ±1.2, 10 ±2, 
7.7 ±0.9 
(a) The Q-values are taken from Reference 44. 
(b) The values are calculated from Levkovskii's formula (equation 4-71). 
(c) The values are taken from Reference 51. 
(d) The values are calculated from equation (4-32) derived in the present 
work. The (n,pn) contributions whenever exists is corrected using 
equation (4-53) with E = E - 0.5 Mev. 
pn np 
(e) The values are for 14.1 < E < 14.8 Mev taken from CINDA-69. 
n 
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Table 10. Comparison of Total (n,cy) cross sections measured in the 
Present Work with Theoretical Predictions and with 
Literature Values 
(a) q Theory 
Target Q a Present Facchini Literature Value ln,cv exp 
(b) ^n(c) , _ ^ < d ) (Mev) (mb)
 v" y (mb) v~ 7 (mb) 
Z r 9 4 
40 2.06 5.0 ±1.0 6.7 0.72 4.3 ±1.1, 3.99 ±0.16, 
4.9 ±0.5, 3.6 ± 0.5, 
3.9 ±0.5, 6.0 ±0.4, 
4.7 ±0.8, 5.5 ±0.5 
92 
4 2 M O 3.69 28.1 ±2.0 12.4,. 20 ±8 
2 4 . 2 ( e ) 
98 
4 2 M O 3.20 8.1 ±1.0 12.7 
46^ 3.01 5.6 ±0.7 4.3 
P d 1 0 8 
46 2.12 2.7 ±0.7 2.1 0.18 2.3 ±0.4 
133 
5 3 C s 4.38 1.96 ± 0.15 ( f ) 2.06 0.25 1.98 ±0.2, 1.0 ±0.9, 
1.0 ±0.3, 1.05±0.15, 
2.5 ±0.4 
5 6 B a 3.77 2.6 ±0.3 1.1 13 ±2(g), 3.6 ±0.5(g), 
2 . 1 ^ 13 ±2(m) , 4.9 ±0.7(g), 3.6 ± 0.5 
C e 1 4 2 
58 6.15 6.0 ±1.0 3.6 3.0 7.0 ±0.7, 8 ±2, 
4.5 ±0.9 
(a) The Q-values are taken from Reference 44. 
(b) The values are calculated from equation (4-33), based on the statis­
tical model with constant nuclear temperature of 1.5 Mev. 
(c) The values are taken from Reference 54. 
(d) The values are taken from CINDA-69 for 14.1 < E n < 14.8 Mev. 
(e) 1 Mev is added to the pairing energy for neutron shell closure at 
N = 5 0 or 82. 
(f) This is not exactly the total cross section but a composite cross 
section including only 77% metastable state. 
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by a factor of as much as 3. They suggested that this enhancement may be 
(25) 
due to direct interactions. Rieder v ' has shown that there is no signi­
ficant shell effect in the (n,2n) cross sections of nuclei with neutron 
numbers close to 50. Csikai and P e t o ^ 2 ^ pointed out that (n,2n) cross 
section values differ greatly even for nuclides with the same target neu­
tron number and so no significant shell effect can be recognized by plot­
ting the cross sections against target neutron or mass number. They ob­
served an (N-Z) dependence of (n,2n) cross sections at 3 Mev residual 
excitation and that the (n,2n) cross section increases with increase in 
(N-Z) for a given neutron number. They suggest that the (N-Z) dependence 
is probably due to the influence of direct inelastic scattering (n,n fY) 
(27) 
reaction. Barr et al. noted a dependence of (n,2n) cross sections on 
the asymmetry parameter (N-Z)/A. Hille^ ' pointed out that shell effects 
can only cause minor deviations from the smooth trend of increasing (n,2n) 
cross section with increase in (N-Z)/A. Later, Bormann and Lammers, ' 
from their study on (n,2n) cross sections at fixed reaction energies of 
3 Mev and 6 Mev above the threshold, concluded that neutron shell effects 
in the (n,2n) cross sections are absent for cross sections at the same 
reaction energy. Adam and J e k i ^ 3 ^ compared the measured (n,2n) cross 
sections at 3 Mev residual excitation energy above thresholds with the 
values predicted by an empirical formula which is a function of (N-Z)/A, 
and concluded that shell effects produced by the pairing energy or the 
level density are nonexistent and that the so-called "shell effect" 
appearing in the (n,2n) cross sections seems to be due to the Q-value 
only. 
The (n,2n) cross sections measured in the present work are plotted 
5 8 
against (N-Z)/A in Figure 5. From the figure it is seen that the (n,2n) 
cross sections increase with increasing (N-Z)/A. No difference between 
odd-Z and even-Z nuclei were seen, and shell effects corresponding to 
the proton shell closure at Z = 50 and that corresponding to neutron shell 
closure at N = 82 are not observable. The apparent shell effect at N = 50 
Q2 o n 
for the cases of Mo and Z r 7 U can be removed if their high reaction 
thresholds (12.68 and 11.54 Mev, respectively) are taken into consideration 
The average reaction energy (F^ - E t h r e s h 0 l d ) o f all the nuclides investi­
gated in the present work is about 5 Mev. By use of the excitation func-
tions^l) of M o 9 z and Zr^, these (n,2n) cross sections at 5 Mev reaction 
energy were estimated to be 540 mb and 800 mb, respectively. Therefore, 
if the latter values are used in the plot, no shell effect at N = 50 is 
observed. 
A least squares fitting of the measured (n,2n) cross sections to an 
exponential function of (N-Z)/A with the limiting condition that the (n,2n) 
cross section cannot exceed the geometric cross section, the following 
expression is obtained 
a (n,2n) = 61.6(A 1 / 3 + 1) 2(1 - 1.319e- 8- 7 4 4( N- z)/ A) mb (4-36) 
The above expression reproduces the (n,2n) cross sections measured in the 
present work to within about±20% except for a few cases as is shown in 
Figure 6a. To test the applicability of equation (4-36) for nuclei in 
other regions, the (n,2n) cross sections measured by other investiga­
tors (1*5,10,32-35) u sjL ng the same method and experimental conditions as 
are used in the present work are compared with the predictions from the 
empirical formula^equation (4-36). The results are shown in Table 11 and 
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Figure 5. Linear Plot of Experimental (n,2n) Cross Sections at 14.4 Mev from the Present 
Work against the Asymmetry Parameter (N-Z)/A. This Plot Indicates that there 
are No Significant Shell Structure Effects and No Odd-Even Effects of Z in 
(n,2n) Cross Sections. The Apparent Dips of M o ^ and Z r ^ Are Thought to be 
Due to Q-value Effects as Is Discussed in the Text. 
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Figure 6b. The agreement between the predictions and experimental values 
is still satisfactorily within ±20% except for a few cases. For 
heavy nuclei from Os to Pb, the predicted values are in general about 10% 
too large. It is interesting to notice that those nuclei with large dis­
crepancies from the predicted values are the lightest stable isotopes of 
even-Z elements. The small (n,2n) cross sections of these nuclei may be 
due to the competition of the (n,np) reaction which is energetically 
favored, because the proton separation energy of these nuclei is much 
smaller than the corresponding neutron separation energy. However, as 
the atomic number Z is increased, the competition will decrease because 
of the increasing Coulomb barrier. In general, the empirical formula 
represented by equation (4-36) is believed to give good predictions, i.e. 
within about± 207o, of (n,2n) cross sections for nuclei ranging from Ni 
to Pb, except in the rare earth region which needs experimental measure­
ment . 
From the measured (n,2n) cross sections listed in Table 7, it is 
seen that for a given element (fixed Z) the (n,2n) cross sections in 
general increase with increasing neutron number. 
4.3.2. Theoretical Predictions of (n,2n) Cross Sections 
By using the statistical compound nucleus model approach, attempts 
have been made to interpret: measured (n,2n) cross sections semi-empirir 
cally.^^ Pearlstein^calculated (n,2n) cross sections by using : 
the relation 
a ( n > 2 n ) = a n e ( r n ) M / a n e ) ( a n > 2 n / a n ) M ) (4-37) 
where a R e is the non-elastic cross section and 0"n M is the sum of the 
neutron emission cross sections ov • + <j 0 +G 0 + etc. The values 
n,n n,zn n,3n 
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Table 11. Comparison of the (n,2n) Cross Sections Calculated from 
the Empirical Equation (Equation 4-36) with the Experi­
mental (n,2n) Cross Sections Measured by Other Investi­
gators Using the Same Method as Used in the Present Work 
Target exp 
(mb) 




3 0 Z n 150 ±12 364 10 
' 6 6 
3 0 Z n K 650 ±150 633 10 
3 2 G e 1236 ±120 1129 32 
75 
3 3 A S 1016 ±102 902 5 
358 ±33 584 1 
Q 7 6 34 S e 808 ±81 802 1 
o 82 
3 4 S e 1119 ±91 1238 1 
„ 79 
3 5 B r 741 ±74 885 5 
„ 81 
3 5 B r 1128 ±84 1045 5 
78 
3 6 K r 245 ±20 560 33 
„ 80 
3 6 K r 810 ±78 781 33 
„ 124 
5 4 X e 1130 ±110 1266 33,34 
5 4 X e 1355 ±165 1385 33,34 
Y 128 
5 4 X e 1530 ±170 1491 33,34 
5 4 X e 1698 ±170 1748 33,34 
„ 136 
5 4 X e 1700 ±100 1818 33,34 
^ 192 
7 6 0 s 1993 ±200 2220 35 
p t 1 9 2 
78 2035 ±150 2100 35 
« 198 
7 8 P t 1716 ±173 2280 35 
. 197 
7 9 A u 1986 ±150 2195 35 
„ 1 9 6 
80 RS 1980 ±180 2100 35 
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80 HS 2010 ±1,90 2165 35 
„ 204 
80 RS 2077 ±166 2337 35 
m-, 203 
8 1 T 1 1950 ±200 2256 35 
8 2 r D 1737 ±140 2228 35 
(a) These values are from the references given in the last column. 
They were measured using the same method as was used in the present 
work. 
(b) The values are calculated from the empirical formula (equation 4-36) 
obtained in the present work. 
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• Z = 28,50 or N •- 50,82 
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Figure 6 . Comparison of the Experimental (n,2n) Cross Sections at 
14.4 Mev with Those Calculated from the Empirical Equa­
tion (Equation 4-36) Obtained in the Present Work. 
(a) The °"eXp (n,2n) Values are from the Present Work. 
(b) The or- (n,2n) Values are from References 1, 5, 
10 ana 32-35 Using the Same Method as is used in 
the Present Work. 
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of cr used by Pearlstein were from Flerov and Talyzin's^ 3^ empirical ne 
formula 
° 3.142(0.12A 1 / 3 + 0,21) 2 barn (4-38) ne 
The ratio cr At was obtained using the empirical formula of Barr n,M ne 
e t a l . < 2 7 > 
CTn,M^e-l^-'^-18-14(S-Z>/A (4-39) 
and the ratio cr /cr was calculated from the statistical model as n,Zn n,M 
given in equation (4-13) and related equations. The values of the level 
(16) 
density parameter as used by Pearlstein ' were calculated from 
a = 0.154(jz + J N + 1 ) A 1 / 3 Mev" 1 (4-40) 
where j z and j are the effective spins for protons and neutrons, respec-
(37) 
tively. The values of j z and were taken from Newton. 
A comparison of the measured (n,2n) cross sections with those 
calculated by Pearlstein^ 1^ showed good agreement, in general. However, 
a close examination indicates that the present values are about 10% 
smaller than Pearlstein's predictions. It was found that the values of 
c r n e used by Pearlstein were about 7% larger than those tabulated by Mani 
et a l . ^ 8 ^ from optical model calculations. Therefore, the (n,2n) cross 
sections were recalculated by using the o*ne values from Mani et al. The 
results are given in Table 7. The comparison with measured values is 
shown in Figure 7a and is found to be good within about ̂ 20%, except for 
a few cases discussed lat€ir„ 
Gardner^1"^ on the other hand calculated the cross section ratios 
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of two adjacent isotopes of a given element by the expression 
where A is the mass number of the isotope ciosest to the stability line 
for a given element, and G(Z) is a normalization function given in 
Reference ( 1 5 ) . The absolute cross sections of the other isotopes of 
the element were then obtained from the product of the cross section ratio 
and the normalizing cross section. The method has been tested^ 3 4) with Xe 
isotopes and found to be unsatisfactory in that the predicted values 
depend very much on which isotope is taken as the normalization point and 
in that some of the predictions exceed However, when the (n,2n) 
cross sections were calculated directly from equation ( 4 - 4 3 ) for each 
isotope without using the ratio equation, the results were found to be 
satisfactory. In the calculations, the values of <Jne were taken from 
/oox ( 1 5 ) Mani et al., the 6(Z)'s were read from the curve of Gardner shown 
in the inset of Figure 8. The ratio 0" « /a „ was calculated from 
n,̂ .n n,M 
equation ( 4 - 1 3 ) with a » A/25 Mev" 1. The results are given in Table 7 
o- n 2 n ( Z , A + l)/o- n^ n(Z,A) = R(Z,A + 1)/R(Z,A) (4-41) 
where 
R = G 0 e _ X ° - G 1e" I Cl (4-42) 
where G Q, X Q, G ^ and X^ are given in equations (4-8) through (4-11). The 
absolute (n,2n) cross section of the isotope closest to the stability line 
with even N was calculated from 
6 6 
and a comparison with measured values is shown in Figure 7b. The agree­
ment is about equally good {h 20%) as that from Pearlstein's method. (^) 
Gilbert and Gomberg^ 7^ found that using the experimental (n,2n) 
and (n,3n) thresholds gave spurious results in the statistical model 
estimations and suggested that effective thresholds be used. In their 
method the normalization function is given by 
' , / » « ' 1 / ( 1 + U i 5 , J ! ' 5 < ^ ) ' i ) - . ' ( 4 " 4 4 ) 
and the level density parameter a was from Gilbert and C a m e r o n . ^ The 
values of O" were also taken from Mani et al.^ 3 8) The results taken ne 
directly from the tables of Gilbert and Gomberg^ 7) were compared with 
the presently measured (n,2n) cross sections in Figure 7c. It is seen 
that the predictions are in general too large by about 10-15%, compared 
with values measured in the present work. 
From Figures 7a, b, and c, it is seen that there are several 
nuclides which show large discrepancies in each prediction method, i.e. 
N i 5 8 , M o 9 2 , Ru 9 6, P d 1 0 2 , R h 1 0 3 , and C e 1 4 2 . The discrepancies of the 
58 92 142 cases of Ni , Mo , and Ce can be removed when the method of constant 
nuclear temperature approximation with effective thresholds is used. The 
58 
method is discussed later. For the case of Ni the correction for the 
competition of the corresponding (n,np) reaction has to be taken into 
account. The estimation of the (n,np) cross section is given in Section 
4.3.3. 
92 
For the case of Mo , there are two discrepant values for the 
reported neutron separation energy S n, e.g. 12.68^ 3 9^ and 13.1 Mev.(41)"' 

























o even Z even N 
A odd Z even N 
« Z = 28,50 or N = 50,82 
h t ^ p -
I ' f 
• W - J U 1 
(a) 
ml L I L 
r (1 
If 
J L_ L 
( b ) 
i » i t i I 
.4 t 
58 
( c ) 
90 100 110 120 130 140 
Figure 7. 
68 
Figure 7. Comparison of the experimental (n,2n) cross sections at 
14.4 Mev from the present work with the predictions of 
(a) Pearlstein, with the modification that values of 
the non-elastic cross section cr are from Mani et al.'-* 
ne 
(b) Gardner, with the modification that the individual 
(n,2n) cross sections are calculated directly from the 
relation 
a(n,2n) = c r n e ( a n ) 2 n / a n M ) G ( Z ) 
without using his cross section ratio equation and 
the level density parameter is given by a = A/25, and 
(c) Gilbert and Gomberg, using effective thresholds. 
The predictions of both Pearlstein and Gardner are generally 
in agreement with the experimental values with a few excep­
tions, while the predictions of Gilbert and Gomberg are in 




of Mo is calculated to be 211 mb from both the method of Pearlstein and the modified method of Gardner. The value of 211 mb agrees very well 
with the measured value of 217± 18 mb. Therefore, an accurate measure-
92 
ment of the neutron separation energy of Mo 7 will help to clarify this 
problem. This result shows that the estimated cross section is very 
sensitive to the fluctuation of the value of S n when the incident neutron 
energy is close to the threshold. 
From a comparison of equation (4-5) with equation (4-37), it is 
seen that the normalization functions, 0 " n j ^ / t n e or G(Z), correspond to 
the term C ^ c A 1 ^ ) (1/J^F^/F^). The factor l ^ j F ^ / F accounts for the 
competition from the charged particle emission and is generally close to 
unity for cases investigated in the present work. The ratio 0 " cfr n e 
represents the fraction of the non-elastic cross section that goes by 
compound nucleus formation. Therefore, the normalization function 
a or G(Z) appeared to account essentially for the influence of the n,M ne v 7 v v J 
direct interaction if the direct interaction cross section P"̂  is defined 
by 
a d = C T n e " V ( 4 " 4 5 > 
The normalization functions of the three methods are plotted in Figure 8. 
It is seen that Gardner's G(Z)^"^ values are approximately constant with 
(N-Z)/A, while the other two functions^ 1 6 , 1 7^ increase with (N-Z)/A. It 
appeared that the functions used by Pearlstein^^ and by Gilbert and 
Gomberg^ 7) are about the same while Gardner's G(Z) function gives larger 
values for isotopes of small (N-Z)/A. The normalization function 0" /(J 
r n,M ne 
used by Pearlstein or by Gilbert and Gomberg was intended to account for 
1.0 
Figure 8. Comparison of the Normalization Functions Used by Gardner^ ^ Pearlstein,^16) 
and Gilbert and Gomberg/ 1 7) The Normalization Function G(Z) used by Gardner 
is a Function of Z as is shown in the Inset. The Circles shown in the Main 
Figure are Gardner's Values of G(Z) for the Nuclei Investigated in the 
Present Work. 
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the competition of charged particle emission.( 1 6 , 17 ,27) ^ o w e v e r j quali­
tatively, this function appears to account instead essentially for direct 
interaction effects, most likely the direct inelastic (n,n fY) reaction.^ 2 6) 
A systematic study of total (n,n'Y) cross sections from which the contri­
bution of, the direct interaction may be estimated may help to understand 
the effects. 
A close look at equation ( 4 - 1 3 ) reveals that the ratio °"n 2n^ an M 
is mainly governed by the exponential term in 
when E n is close to S^, The parameters and GQ are given in equations 
( 4 - 8 ) and ( 4 - 9 ) . The ratio C^/G Q is a slowly varying function of E^, S n, 
and a. The values of the ratio in the present work vary from about 2 to 6 . 
If ' / i ^ - > 1 and a> 5 , the second term in equation ( 4 - 1 3 ) is less 
th an 0 . 1 and the ratio <^ n 2n^n M *"s r a t n e r insensitive to the variations 
of a and S„ for a fixed E . However, if S is very close to E , the n n n J- n' 
second term is close to unity and the ratio 0 " n 2 n ^ n M becomes very 
92 
sensitive to the variations of a and S n. For the case of Mo the effec­
tive threshold used by Gilbert and Gomberg^ 1 7) was 1 3 . 1 Mev, but the level 
density a used was 1 0 . 1 Mev It was this large value of a that canceled 
the effect of the effective threshold and failed to improve the prediction 
92 
of the (n,2n) cross sections of Mo 
In general, the values of the level density parameter a used by 
Gilbert and G o m b e r g a r e much larger than those used in the other two 
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Figure 9. Comparison of the Values of the Level Density Parameter a 
used in the Calculation Methods of Gardner/l^)Pearlstein 
(16), and Gilbert and Gomberg.(17) Although there are 
Wide Differences in Choice of the Level Density Parameter 
a by the Authors, the Calculated (n,2n) Cross Sections do 
not differ.'as much as would be expected, owing to the use 
of Different Normalization Functions. 
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seen that the effects of increasing a and S n are in the opposite direction. 
Therefore, in the calculation method of Gilbert and Gomberg the 
effect of using larger effective thresholds is effectively canceled by 
their use of larger level density parameters. 
In the above mthods, the statistical model was involved only in 
the calculation of the ratio ^ 2n^CTn M w n l c n w a s n o t directly measured. 
Since a normalization function is used in each method to get absolute 
(n,2n) cross sections, they all give comparable results, even though the 
level density parameters used in the calculation of cr̂  2n^°n M a r e cl u^* : e 
different. As pointed out before, the ratio o*n 2n^CTn M ^ s r a t n e r insensi­
tive to the values of the level density parameter a at excitation energies 
well above the (n,2n) thresholds. Therefore, the agreement between the 
measured (n,2n) cross sections and calculated ones in the above methods 
can hardly be regarded as a confirmation of the statistical theory because 
of the normalization procedures involved in the methods. In addition, 
the excitation function of (n,2n) reactions appears unsuitable for the 
extraction of accurate level density parameters unless the small part of 
the excitation function close to the (n,2n) threshold is used. 
(13) 
As a comparison, the constant nuclear temperature approximation 
was also used to calculate the (n,2n) cross sections. In this calculation, 
(42) 
an average nuclear temperature of 1.5 Mev suggested by Cuzzocrea et al. 
was used for all nuclides investigated in the present work. The average 
nuclear temperature of 1.5 Mev was confirmed from the (n,p) and (n,Qf) 
cross sections measured in the present work, as is discussed later. The 
(n,2n) cross sections were calculated from equation (4-34) and related 
(38) 
equations. Again the non-elastic cross sections of Mani et al. were 
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used for the compound nucleus formation cross section o~c. The results 
are compared with the measured values in Figure 10a. It is seen that the 
predicted values are generally about 10% larger than the measured ones. 
However, if the effective thresholds and E2 for one neutron and two 
neutron emission, respectively, given by 
E l = S n + 0 , 5 M e v (4-46) 
and 
E 2 - S 2 n + 1.0 Mev (4-47) 
are used for the neutron separation energies, the agreement between the 
predictions and the measured (n,2n) cross sections is improved. The 
results are given in Table 7 and a comparison with the measured values 
is shown in Figure 10b. Trie predicted values are seen to be good within 
about ±15% except for the cases of Ru 9 6, P d 1 0 2 , and R h 1 0 3 which deviate 
by about 30-40%. These deviations are thought to be due to direct inter­
action effects; i.e., the compound nucleus formation cross section 0"c is 
not equal to the non-elastic cross section. The concept of effective 
thresholds suggested by Gilbert and Gomberg^ 1 7^ is supported by the 
present results. However, the odd-even effects observed by Gilbert and 
Gomberg( 1 7^ are not seen in the present results. Therefore, the adjust­
ments for the odd-even effects made by Gilbert and Gomberg( 1 7) appear to 
be unnecessary. 
For the case of Rh 1^ 3, Nagel and Aten^ 4 3^ have measured the 
(n,n'Y) cross section to be 508 mb. The (n,n*Y) cross section calculated 
in the constant nuclear temperature method with effective threshold is 
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Figure 10. Comparison of the Experimental (n,2n) Cross Sections at 
14.4 Mev from the Present Work with the Predictions 
using an Average Nuclear Temperature of 1.5 Mev and with 
(a) Ground State Reaction Thresholds 
(b) Effective Thresholds given by E 1=S n+0.5 Mev and 
E 2=S 2 n4l Mev. 
It is clear that Method (b) gives better agreement with 
Experiment, i.e. within about ±15%>; while the Predictions 
of Method (a) are generally too large by about 10%. 
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the (n,n'Y) reaction is made, the fraction of the non-elastic cross 
section attributed to the direct interaction can be estimated by 
a d crt(n,n'Y) - a s(n,n»Y) 
a a - a (n,n*Y) (4-48) ne ne s ' 1 
where 0"̂  is the direct interaction cross section, o~ (n,nV) is the 
measured total (n,n'Y) cross section, and a s(n,n'Y) is the (n,n'Y) cross 
section calculated from the statistical model in which °" n e is used for <JQ 
and no normalization is involved. With 
o~t(n,n'Y) = 508 mb; a (n^V) = 287 mb; and cn& = 1778 mb 
it is found that 
ad/ ane = ° - 1 5 (i.e- 157. direct interaction) 
Since only the (n,n'Y) reaction was considered in the above estimation, 
96 
it is a lower limit of the direct effect. For Ru , a rather large 
[(n,np) + (n,pn) + (n,d)] cross section (268 mb) was observed in the 
present work. The contribution from evaporation of the compound nucleus 
was estimated to be negligibly small. The cross section was therefore 
very likely produced by direct interactions. Two other rather large 
[(n,np) + (n,pn) + (n,d)] cross sections of Cd 1^ 6 and Sn^"^ (216 and 
165 mb, respectively) were also observed (see Section 4.3.3.) It was 
noticed that the nuclides Ru 9 6, Cd 1^ 6, and S n 1 1 2 are all the lightest 
isotopes of the corresponding elements. Therefore, it is very likely 
102 
that Pd may also have comparable [(n,np) + (n,pn) + (n,d)] cross 
sections. Thus for these lightest stable isotopes of the elements with 
even-Z, the direct [(n,np) + (n,pn) + (n,d)] reactions in addition to 
77 
the direct inelastic (n,n*Y) reaction may be also important and affect 
the (n,2n) cross sections. 
The direct interaction effects so far discussed are all negative 
effects on the (n,2n) cross sections. However, there is also the proba­
bility that (n,2n) reactions may be produced by a reaction in which the 
first neutron is knocked out by direct interaction leaving the target 
nucleus in an excited state which subsequently emits a second neutron. 
4.3.3. [(n,np) + (n,pn) + (n,d)] Reactions 
Bramlitt and Fink^ 2 1^ studied a number of rare reactions of which 
the [(n,np) + (n,pn) + (n,d)] reaction is especially interesting because 
of its effects on the corresponding (n,2n) and (n,p) reactions. In the 
present work, four [(n,np) + (n,pn) + (n,d)] cross sections were measured, 
three of them for the first time. The total (n,np) +... cross sections 
measured in the present work, together with statistical model estimations 
for the components and available literature values, are summarized in 
C O 
Table 8. The cross section of Ni J is seen to be in good agreement with 
literature values. A plot of the total cross section vs. atomic number Z 
or mass number A Of the target nuclei is shown in Figure lla or lib, 
respectively. It is seen that the total cross sections are linearly 
related to both Z and A. Least squares fitting to linear functions of 
Z or A gives 
cr(n,np + pn + d) = 934 - 15.14Z (4-49) 
and 
0" (n,np + pn + d) = 834 - 5.85A (4-50) 
Either of the above empirical equations reproduces the total (n,np) +... 
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Figure 11. Plot of Total [(n,np)+(n,pn)+ (n,d)J Cross Sections a t 
14.4 Mev from the Present Work against 
(a) Atomic Number Z and 
(b) Mass Number A of the Target Nuclei 
The Straight Lines are least squares fittings represented 
by (a) a(n,np-*pn+d) = 934-15.14Z mb, and 
(b) a(n,np+pn+d) = 834-5.85A mb. 




number Z and mass number A of the target nuclides Ni^8 j R u 9^ f c d 1 ^ 6 , and 
112 
Sn , it is found that their Z and A are linearly related by an empirical 
equation 
Z = 0.412(A + 1 0 ) (4-51) 
Since equations (4-49) and (4-50) are obtained from the cross sections 
corresponding only to the lightest stable isotopes of even-Z elements 
with Z and A related by equation (4-51), they should apply to only that 
kind of nuclides. 
To test the applicability of the empirical equations (equations 
(4-49) and (4-50)) to other lightest stable isotopes of even-Z elements, 
additional (n,np) +.... cross section measurements are needed. The nuclides 
S e 7 4 and S r 8 4 are found to be good candidates for this purpose, because 
fairly large cross sections are predicted, e.g. 419 mb and 359 mb, 
respectively, from equation (4-49). In addition, the half-lives involved 
are not too long or too short, and, although the isotopic abundances are 
small, they are large enough that natural elements may be used with radio­
chemical separations of the products. 
The rather large (n,np) +... cross sections can affect the corres­
ponding (n,2n) and (n,p) cross sections in two ways, i.e. by direct 
interactions and competition in the evaporation process of the compound 
nucleus. The individual contributions of the components to the total 
(n,np) +... cross section were estimated using the statistical model with 
the constant nuclear temperature approximation. The equations used in 
the estimation are summarized below: 
<J(n,d) = 3cr ci de D d / T/(l + F p/F n) (4-52) 
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a (n,pn) = V p n 6 ^ 7 ( 1
 + V V ( 4"5 3 ) 
and 
a (n,np) 
" c V n p / ^ + W if E < E (4-54) c np np P n np nn 
a „(I - I P )/(l + F V F j if E > E (4-55) c v np nn nn P np nn v ' 
where 
P_ = 1/(1 + I' e D n p / T / I » ) ' _ (4-56) nn N np nn v ' 
where T is nuclear temperature assumed to be constant for all types of 
reactions and for all nuclei, 
P = 1 - P (4-57) np nn v ' 
D = S - S + 6(Z,N-1) - 6(Z-1,N) - B„(Z,N-1) (4-58) np n P P 
where S n and are respectively the neutron and the proton separation 
energies, the 6's are pairing energies, and Bp is the effective Coulomb 
barrier for a proton given by equation (4-16); the ratio F^/F^ is given 
in equation (4-30), D p and are given in equation (4-26), and the I^'s 
are given by 
rE./T 
I, = I ' xe" xdx (4-59) 
J 0 
(i = p, d, nn, np, and pn). 
The E i's in equation (4-59) are defined by 
E_ = E_ + Q„ „ - B (4-60) q n xn,q q v ' 
(q = p and d) 
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E « E ' . - E - S - B - ( 4 - 6 2 ) np pn n p p 
where the slight difference between B p(Z,N) and B p(Z,N-l) is ignored, 
and 
E» = E - 5 n ( 4 - 6 4 ) np n p n v ' 
where E is the incident neutron energy in the center of mass system, Bj n a 
is the effective Coulomb barrier for a deuteron given by 
( A - l ) A / J + 2 i / J 
/I Q\ _ 
where k^ = k p + 0 . 0 6 is from Dostrovsky et al., and e n is the average 
energy of the first emitted neutrons averaged from 0 to E n v or E n n , 
whichever is smaller, and is given by 
fEns ^2 -E/T, w /-T Ens w -E/T, e = E e dE/ Ee dE ( 4 - 6 6 ) 
n J 0 J 0 
where E = E or E whichever is smaller. All the parameters, unless ns np nn r ' 
otherwise specified, refer to a target nucleus (Z,N). 
In equation ( 4 - 5 3 ) , it is assumed that a neutron is emitted follow-
ing the proton emission whenever energetically possible. In equation 
( 4 - 5 4 ) , the branching ratio P • or P ^ n is estimated by assuming a com­
pound nucleus with an average excitation energy of E n - e n. 
In the calculations all the Q-values of stable nuclei are from 
( 4 4 ) 
Maples et al., all the neutron separation energies and Q-values of 
This assumption is of doubtful validity, see discussions later. 
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unstable nuclei are from the mass table of Garvey et al.,^ 3 9^ the pairing 
energies are from Cameron and Elkin^2*^ with positive sign. The results 
are summarized in Table 8. 
C O M . (14) 
For the case of Ni J , Buttner et al. has made accurate statis­
tical model calculations using a complicated level density equation from 
(37) 
Newtonv 7 given by 
w(U) = const, a " %(U+t)"" 5 / 4 eZ'^ (4-68) 
where 
and 
a = 0.0748Q N + j z + 1 ) A 2 / 3 (4-69) 
t = U/a (4-70) 
The results are 
370 mb at 14.1 Mev 
O (n,np + pn + d) = 
480 mb at 14.8 Mev 
At 14.4 Mev, it is interpolated to be 420 mb, which is in good agreement 
with the value 461 mb calculated in the present work with rather crude 
(45) 
approximations. Glover and Purserv ' have measured the angular and 
energy distributions of emitted protons at 14.8 Mev neutrons for the 
case of N i ^ , The total cross section of the [ (n,p) + (n,pn) + (n,np) ] 
reactions of Ni"*8 was found to be^ 4"^ 830 ± 70 mb, of which 60 mb was 
attributed to the direct interactions for the [ (n,p) + (n,pn)•]. reaction 
from the angular and energy distributions. Also from the emitted 
deuterons, a value of 25 ± 6 mb was obtained for the Ni J (n,d)Co 
reaction. In the present work the (n,p) cross section of Ni"^ is 
C O 
measured to be 331±30 mb, so the total cross section of N i J O for the 
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[(n,p) + (n,pn) + (n,np) + (n,d) ] reactions is 331 + 509 = 840± 60 mb 
which is in very good agreement with the value 855 ̂ 70 mb obtained from 
emitted proton and deuteron measurements by Glover and Purser. 
Glover and Weigold^ 4 6) compared their activation cross section of 
C O 
the (n,p) reaction for N i J O with that deduced from the energy spectrum of 
emitted p r o t o n s . T o obtain the latter they assumed that, after 
emission of the first proton, neutron emission will occur if energetically 
possible in preference of gamma de-excitation. On this basis they 
obtained an (n,p) cross section significantly smaller than the activation 
(n,p) cross section, although the sum of [(n,p) + (n,np) + (n,pn) + (n,d)] 
cross sections is in good agreement with both activation and emitted 
particle measurements. They concluded that^ 4 6^ the assumption that gamma 
ray de-excitation can be neglected as soon as the excited nucleus can 
decay by particle emission is of doubtful validity. They gave a quali­
tative explanation as follows: 
59 
The compound nucleus Ni resulting from addition of a neutron 
contributing all possible values of the orbital angular momentum quantum 
number & will be formed in a wide range of spin states. Emission of low 
energy protons which will carry away little angular momentum will tend 
58 
to leave in Co a similar distribution of states. Neutron emission will 
then lead to Co^ 7, which has a (7/2)-ground state and excited states at 
1.36, 1.49, and 1.89 Mev. Therefore, until the Q-value is exceeded by 
1.36 Mev, the only state open for neutron emission is the ground state. 
Since low energy neutrons can carry away little or no angular momentum, 
58 
only states of Co within a limited range of spins will decay by neutron 
58 
emission. By contrast, since Co is an odd nucleus and therefore has a 
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high level density, there will be many states through which gamma ray 
de-excitation may occur. Hence, these spin considerations imply that neu 
tron emission in this case is not favored, although energetically possible 
The above explanation can be similarly applied to (n,2n) reactions 
G l o v e r h a s demonstrated the importance of competition between gamma 
ray emission and particle emission within about 2 Mev of reaction thres­
holds. Therefore, in statistical model calculations of (n,2n) and (n,pn) 
cross sections, the gamma ray emission competition to the second neutron 
emission cannot be neglected, if the excitation energy of the emitting 
nucleus is close to the reaction threshold. In addition, near the 
reaction threshold, the number of states of the product nucleus open to 
the second neutron emission will be very few, which violates the basic 
continuum assumption of the statistical model. For (n,2n) reactions 
there is also possible competition from the corresponding (n,np) reaction 
especially for the lightest stable isotopes of even-Z elements in the 
low-Z region. To account for these effects, the concept of effective 
thresholds proposed by Gilbert and Gomberg^ 1^ is used. The effective 
thresholds are obtained by adding 0.5 Mev or 1 Mev, respectively, to 
the first or second neutron separation energy. The values 0.5 Mev and 
1 Mev used to get effective thresholds are quite arbitrary; however, the 
results so calculated are in general fairly satisfactory compared with 
measured (n,2n) cross sections, as is shown in Figure 10b. 
From Table 8 , it is seen that the equations (4-52) through (4-55) 
and related equations derived from statistical model with a constant 
nuclear temperature of 1.5 Mev can describe well the (n,np) +... cross 
58 
section for the case of Ni" , but failed completely for other cases. 
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From the angular and energy distributions of emitted protons in the case 
of Ni"*8 measured by Glover and Purser, it was shown that most of the 
(n,p) and (n,pn) reactions (about85%) and all the (n,np) reactions go 
by compound nucleus formation, which is in agreement with the present 
estimations, both for the total [(n,p) + (n,pn) + (n,np) + (n,d)] cross 
section and for the (n,np) component. The failure of the equations to 
describe the (n,np) + ... cross sections for Ru 9^, C d 1 ^ , and S n 1 1 2 suggests 
that for these nuclides, the (n,np) +... reactions are likely to go by 
direct interactions. However, to understand the reaction mechanism for 
these cases the measurements of the angular and energy distributions of 
the emitted protons and deuterons are needed. 
The energetic parameters related to the [(n,np) + (n,pn) + (n,d)] 
reactions are summarized in Table 12. 
From Table 12, it is seen that the decreasing trend of the 
[(n,np) + (n,pn) + (n,d) ] cross sections with increasing Z shown in 
Figure lib may be understood by Coulomb barrier effects and competition 
effects from the (n,2n) reaction. However, the good linearity of the 
cross sections with Z or A may be somewhat fortuitous. 
4.4. (n,p) and (n,^) Reactions 
4.4.1. Systematics of (n,p) and (n,QQ Cross Sections 
From the examination of old data in the literature, Levkovskii 
noticed in 1956-1958 that the cross section of (n,p) and (n, a) reactions 
in a series of stable isotopes of one element decrease as a rule with 
increasing atomic weight of the isotope by approximately a factor of 2. 
(49) 
Later, from his measured cross sections Levkovskii obtained an 
empirical formula which describes the (n,p) cross sections at 14-15 Mev 
1 
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Table 12 Energe tic Parameters Related to the 
[(n,np) + (n,pn) 
for N:L , Ru , 
+ (n 
C d 1 0 6 
,d)] Reactions 
. _ 112 , and Sn 
Target Q ,
( a ) 
^n,d 
(Mev) 
Q <*> n,p 
(Mev) 













N i 5 8 
28 -5.954 0.392 12.35 8.31 3.80 2.04 3.89 
„ 96 
4 4 R U -5.086 0.572 10.37 7.37 5.95 0.98 6.11 
4 8 - 1 0 6 -5.063 0.597 10.62 7.21 6.42 0.70 6.59 
S O - " 2 -5.549 0.123 10.85 7.81 6.61 -0.12 6.84 
(a) Values are from Reference 44. 
(b) Values are from Reference 39. 
(c) Values are calculated from equation (4-16) and related equations. 
(d) E- - E - S - B , is the maximum excitation energy of the final 
f n p p 
product nucleus resulting from multiple particles emission in 
cascade. 
(e) Values are calculated from equation (4-65). 
1 
8 7 
quite well in the range 1 2 < A < 1 5 0 as compared with the published 
(n,p) cross section values up to 1 9 6 3 . The empirical formula has a 
simple form given by 
x /«= 0 / . 1 / 3 . 1 N 2 - 3 3 ( N - Z ) / A , , (7 (n,p) = 4 5 . 2 ( A + 1 ) e v " ( 4 - 7 1 ) 
A more thorough systematic study of (n,p) cross sections at 1 4 Mev 
was made by Gardner. He observed that the (n,p) cross section of 
each succeeding isotope of any element was about one half the value of 
the preceding isotope and obtained an empirical equation as a function of 
Z and A with five adjustable parameters to predict the (n,p) cross sec­
tions of all the stable isotopes up to Z = 9 4 with a few exceptions. The 
factor of 2 in the empirical equation was explained by a cross section 
ratio equation obtained from the statistical model with crude approxima­
tions.^^^ This cross section ratio equation with the refinement of 
including effects due to Coulomb barrier was later used by Gardner and 
Rosenblum^ 1^ to recalculate the (n,p) cross sections of nuclei in the 
range 6 "^Z"^ 5 0 . The results are generally in agreement with Levkovskii's 
predictions.^ 1^ However, it was pointed out^ 1^ that there are many 
cases in which the two predictions are in substantial disagreement. Some 
of the discrepant (n,p) cases were investigated in the present work, 
_ 9 6 ^ 1 0 3 1 0 6 ^ 1 0 8 O J 1 0 6 O J U 2 „ 1 1 2 J „ 1 1 7 _ e.g. Ru , Rh , Pd , Pd , Cd A , Cd , Sn , and Sn . The 
present results are generally in favor of Levkovskii's predictions, 
although in some cases, both predictions are in bad disagreement as 
discussed later. 
( 5 2 5 3 ) 
Chatterjeev ' y observed marked dips at proton shell and sub-
shell closures for both (n,p) and (n, a) cross sections when the cross 
88 
sections of most abundant isotopes of the corresponding elements were 
plotted against the atomic number of the residual nucleus. But 
Gardner and Rosenblum^"^ pointed out that these apparent "shell effects" 
resulted from the choice of the isotope which was to represent an element 
and are not true shell effects. Rao and F i n k a l s o pointed that it is 
a consequence of the absence of stable isotopes to cover all possible 
values of Z^. 
(24^ 
Cuzzocrea and Notarrigo 'showed that the experimental cross 
sections of (n,p) and (n,<*) reactions at about 14 Mev for nuclei outside 
neutron shell and subshell closures can be described by means of a semi-
empirical relation that gives roughly the predictions of the statistical 
model throughout the entire range of mass number. The relation is based 
on a pure exponential dependence for the level density of the residual 
nucleus and a nuclear temperature of about 2.3 Mev^ 2 4) taken to be 
constant for all types of reactions and for all nuclei. It was found 
that^ 2 4) at neutron shell and subshell closures of the target nucleus the 
cross sections were larger by factors up to 10 and 100, respectively, for 
(n,p) and (n,or) reactions and suggested that this enhancement may be due 
to direct interaction mechanisms. Later, an average nuclear temperature 
(42) 
of 1.5 Mev was suggested by Cuzzocrea et al. on the basis of an 
analysis of all the known values of the (n,p), (n,2n), and (n,<*) cross 
sections at 14 Mev. The equations used for the calculation of the (n,p) 
(42) 
and (n,Q0 cross sections are, respectively, 
°"(n,p) = cr e E p / T (4-72) 
and 
a(n,c*) 2 a c e ] ^ / T (4-73) 
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where the Eq' s (<1 = P***) a r e t n e same as the D^'s given in equation 
(4-26). 
An average nuclear temperature of 1.5 Mev is confirmed by the 
present (n,p) and (n,Q') cross sections by a semilog plot of the ratio 
^q ane^ < Jexp^ n , c^ a S a i n s t ~ Dq a s i s shown in Figure 12. The parameter 
is given in equation (4-15), the others are obvious. The solid straight 
line in Figure 12 is a least squares fit. From the slope of the straight 
line, an average nuclear temperature of 1.5 Mev is found. A comparison 
of equations (4 -72) and (4 - 7 3 ) with equations (4-32) and (4-33) shows that 
the former equations may be considered as approximations of the latter 
ones. In general, in the region of low Z the integrals, Iq, in equations 
(4-32) and (4-33) are close to unity at 14 Mev, and so can be approxi-
D /T 
mated by unity, but the term e P in the denominator which accounts for 
the competition of charged particles emission cannot be neglected. On 
the other hand, in the region of large Z, the competition of charged 
D /T 
particle emission can be neglected, i.e. e P is close to 0, but the 
integral, 1^, is usually much smaller than unity, especially for (n, a) 
reactions, because of high Coulomb barrier and cannot be neglected. There-
D /T 
fore, one can either put 1^ == 1 or put e P = 0 depending on the region 
of application to get good approximations. 
4.4.2. Comparison of the (n.,p) and (n,QQ Cross Sections 
with Various Predictions 
The total (n,p) cross sections measured in the present work, 
together with various predictions, are summarized in Table 9 . The com­
parisons for various predictions are shown in Figures 13a, b, and c. It 
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Figure 12. Semi-log Plot of the Ratio 
=1 if q=p, j a=2 if q 
jq^e^exp/ 1 1'^ a S a i n s t -D q, 
- a , ana D a is the Differe ence where j J 
of the Q-value of the (n,q) Reaction corrected for pairing 
Energies and the Effective Coulomb Barrier. The Solid 
Line is a least squares fitting. From the slope of the 
line an Average Nuclear Temperature of 1.5 Mev is obtained. 
The value 1.5 Mev is the same as was suggested by Cuzzocrea 









Figure 13. Comparison of the (n,p) Cross Sections at 14.4 Mev from the 
Present Work with the Predictions of 
(a) Gardner and Rosenblum (51), 
(b) Levkovskii (48,49), and 
(c) Present Work using an Average Nuclear Temperature 
of 1.5 Mev. 
It is seen that there are no significant Shell Effects in 
(n,p) Cross Sections, and that Method (c) gives the best 
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Figure 13. (b) and (c) 
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completely in disagreement with the presently measured (n,p) cross 
sections, while Levkovskii's predictions give much better agreement. How-
(49) 
ever, Levkovskii's formula failed to predict the (n,p) cross sections 
of Ru 9 6, Pd1^"*, Cd 1^ 6, and S n 1 1 2 . The predicted values for these cases 
are always too small, the measured cross sections being larger than the 
predicted ones by factors up to 2.5. It is seen that the values calcu­
lated from equation (4-32) derived in the present work are in good agree-
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ment with the measured ones within about ± 207o except for the cases of Mo 
and Rh 1^ 3. 
The resemblance in form between Levkovskii's empirical formula and 
equation (4-32) derived from the statistical model with the constant 
nuclear temperature approximation for level densities suggests that there 
may be some relation connecting these two equations. To search for this 
relation, the values of Dp in equation (4-32) are plotted against (N-Z)/A 
in Figure 14. It is very interesting that Dp is seen to vary approximately 
linearly with the asymmetry parameter (N-Z)/A. A least squares fitting 
gives 
D p = 0.73 - 52.3(N-Z)/A (4-74) 
or 
Dp/T = 0.73/T - (52.3/T)(N-Z)/A (4-75) 
With a constant temperature of 1.5 Mev, the coefficient of (N-Z)/A in 
equation (4-75) is found to be 34.8. The coefficient 33 in Levkovskii's 
formula corresponds to a nuclear temperature of 1.58 Mev. The form of 
equation (4-74) may be derived from a mass equation, but the numerical 
coefficients cannot be obtained from the parameters of the mass equation. 
The coefficients derived from a mass equation are averaged values of 
10 
0 j i > l i i i i i i t i i i i i t i I 
0.05 0.10 0.15 0.20 
(N-Z)/A -
Figure 14. Plot of -Dp against the Asymmetry Parameter (N-Z)/A, where D is the Difference 
of the Q-value of the (n,p) Reaction corrected for Pairing Energies and the 
Effective Coulomb Barrier. The Solid Line is a Least Squares Fitting Represented 
by 
D = 0.73 - 52.3 (N-Z)/A Mev. P 
The Linear Relationship of D p with (N-Z)/A enables one to relate the Levkovskii's 
Empirical Formula for (n,p) Cross Sections to the Equation Derived from Statistical 
Model with the Constant Nuclear Temperature Approximation for Level Densities, 
as discussed in the Text. 
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functions of Z and A, being approximately constant in a limited range. It 
appeared that Levkovskii's formula may be considered as an approximation 
of equation (4-32). 
(54) 
Facchini et al. have calculated a number of (n,c*) cross sec­
tions at 14 Mev by the statistical model for nuclei ranging from Na to U. 
In their calculations a complicated level density equation with level 
density parameter a was used. The results are in good agreement with 
measured (n, a) cross sections for nuclei with A < 80 but for nuclei of 
medium Z the calculated values are usually too small compared with the 
(54) 
experimental values by factors of 5-10. The (n,ctf) cross sections 
calculated from equation (4-33) with a constant nuclear temperature of 
1.5 Mev are listed in Table 10, together with the values measured in the 
present work and with literature values. A comparison is shown in 
Figure 15. It is seen that: the measured (n,e*) cross sections are in 
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general larger than the calculated ones, especially for the cases of Mo , 
Ba1****, and C e 1 * ^ in which M o 9 2 and B a 1 ^ have neutron shell closures at 
N = 50 and 82, respectively. The enhancement of (n,^) cross sections at 
neutron closures of the target nuclei is in accordance with that observed 
by Cuzzocrea et a l . ^ ^ The large discrepancies for the cases of Mo^ 2 
138 
and Ba may be due to shell effects. If 1 Mev is added to the pairing 
energy for the neutron shell closure, the large discrepancies in the 
92 138 
cases of Mo and Ba can be removed, as is shown in Figure 15. After 
doing so the (n,°0 cross sections calculated from equation (4-33) derived 
in the present work generally agree with the measured ones within about 
±30%. The large discrepancies for the cases of M o 9 2 , Ba1****, and C e 1 4 2 
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Figure 15. Comparison of the Experimental (n,Q) Cross Sections at 14.4 Mev from the Present 
Work with the Predictions Based on an Average Nuclear Temperature of 1.5 Mev. 
For the Cases of M o 9 2 and Ba ,138 1 Mev is added to the Pairing Energy for the 
Neutron Shell Closures at N= 50 and N=82, respectively, suggesting that there 
may be Shell Effects in (n,a) Cross Sections. It is seen that this procedure 
gives agreement with Experiment within about ±30%. 
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. , c (55-58) clusters in the nuclear surface. 
In all cross section calculations in the present work, the non-
elastic cross section o -^ from Mani et al. is used for the compound 
cross section a c . In general, however, (jc is not equal to o"ne> when 
direct interactions are present. Generally, direct interactions can have 
two opposite effects on a particular reaction, as is mentioned in the 
discussion of the direct interaction effects on (n,2n) cross sections. 
The general reaction (n,x) can be produced in principle both by direct 
interaction and through compound nucleus formation. The cross section 
measured by the activation method cannot distinguish between these two 
mechanisms. The activation cross section can be represented by 
CT(n,x) = crs(n,x) + ad(n,x) (4-76) 
where Qg(n,x) and 'ad(fn,x) are cross sections described by the statistical 
model and due to direct interaction, respectively. For simplicity, let 
rsx = CTs(n>x)Mn.x) (4-77) 
rdx Z CT^n>x>/CT<n'x> < 4 _ 7 8 > 
r - a /or (4-79) c c ne N ' 
and 
r = a . / r j (4-80) 
H d ne 
where cr is the total cross section of direct interactions, i.e. d 
= I . <J (n,x) 0 .  L cr (4-81) a x d 
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and 
a = a + a, (4-82) 
ne c d 
Then it is seen that 
r + r, = 1 (4-83) 
c d 
and 
r + r, = 1 (4-84) sx dx \ / 
It is assumed that the cross section 0"s(n,x) can be calculated from 
the statistical model as described in Section 4.1, i.e. 
ag(n,x) = cr c P x (4-85) 
where P x is the branching ratio of a particular reaction, given by 
P = F / A . F . (4-86) 
x x *-J i i . 
in which the F^'s are defined in equation (4-2). The activation cross 
section of the (n,x) reaction can then be expressed by 
1 - r d 
a(n,x) = — — — a P (4-87a) 
1 rdx x 
1 - r 
= ; — — <4"87b> 
1 " rdx C a i 
where o* ,(n,x) = o* P is the calculated cross section for the (n,x) cal ne x \ » / 
reaction from the statistical model with the non-elastic cross section 
cr n e in place of the compound cross section c~c. 
From equation (4-87b), it is seen that if the calculated cross 
section cr -(n,x) is about equal to the measured cross section <r(n,x), the 
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ratio (1 - rd)/(l - r^ x) will be about equal to unity. In that case, 
r^ will be zero or very small compared with unity if r^ is zero or very 
small, which means little or no direct interaction. However, r^ x may be 
considerable when r^ is considerable, which means that direct interactions 
of the (n,x) reaction exist. Therefore, the agreement between the cross 
section calculated by the statistical model and the measured one does not 
necessarily mean that the reaction goes by compound nucleus formation, 
unless r^ is known to be zero from other experiments. In addition, r^ x 
may be smaller or greater than r^ so the calculated cross sections can 
also be greater or smaller than the measured cross sections. Qualita­
tively, it may be said that for a given (n,x) reaction, if the measured 
cross section <7(n,x) is greater than the statistical model calculated 
cross section °"cai(n,x), e.g. r^ x > r^, a contribution from direct inter­
actions to <J(n,x) is expected. On the other hand, if the measured cross 
section cr(n,x) is smaller than the calculated CTcai(n»x), e.g. r^ > r^ x» 
direct interactions for the particular (n,x) reaction may or may not exist, 
but direct interactions of other reactions are expected, e.g. f 0. 
Therefore, the statistical model calculation cannot be definitively 
tested by activation cross sections alone, unless the direct interaction 
effects can be estimated independently, e.g. by emitted particle studies 
of energy and angular distributions from which r^ and r^ x may be estimated. 
For medium and high rL nuclides the charged particles emission is 
generally negligibly small compared with neutron emission, so that the 
total direct interaction cross section 0"^ is likely to be mainly due to 
the direct inelastic (n,n') reaction.^ 9) Therefore, systematic studies 
of the (n,n') reactions may help to estimate the value of r,. If r, can 
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also be estimated from angular and energy distributions of emitted 
particles, then the method to calculate a c a \ ( n > x ) c a n D e justified. 
The statistical model has various versions or approximations of 
the level density and inverse reaction cross section, etc. Sometimes 
quite different values for a parameter in the same version were used in 
the calculation of cross sections, as in the calculation of (n,2n) cross 
sections by Gardner,^1^ Pearlstein, and Gilbert and Gomberg. For 
the (n,Q) cross sections, the calculation method used by Facchini et al. ' 
is different from the one used in the present work and quite different 
results are obtained as is shown in Table 10. However, the values from 
the present calculations are generally in fairly good agreement with the 
measured (n,a) cross sections. 
4.5. Conclusions 
From comparisons of the various predictions with experiments 
discussed above, the following conclusions are reached. 
(1) The total (n,2n) cross sections at 14.4 Mev increase with 
increasing (N-Z)/A. An empirical formula was obtained from the (n,2n) 
cross sections measured in the present work. The formula reproduces the 
measured (n,2n) cross sections within about ±20% except for a few cases. 
The formula was further tested by (n,2n) cross sections measured by other 
investigators using the same method for nuclei ranging from Zn to Pb. 
The agreement is about equally good, i.e. within about ±20% with the 
exception of the lightest stable isotopes of even-Z elements where the 
competition from the (n,np) reaction may be important, especially for small 
Z nuclei. 
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(2) No odd-even effects in Z and no shell effects at Z = 2 8 and 
50 and N = 82 for the (n,2n) reactions were observed for the nuclei 
investigated in the present work. The apparent shell effects seen for 
92 90 
the cases of Mo and Zr at N = 50 are thought to be due to a Q-value 
effect. 
(3) The calculated (n,2n) cross sections by Pearlstein1s method 
and from the modified method of Gardner are generally in good agreement 
with the (n,2n). cross sections measured in the present work except for a 
few cases. The agreements in both methods are generally within about 
±20%. Since in both methods a normalization procedure is involved to get 
absolute (n,2n) cross sections, this can hardly be regarded as a confir­
mation of the statistical theory with energy independent level density 
parameters. , 
(4) The equation 
a(n,2n) = a c(F 2 n/F n)/(l + I pe DP / T) (4-34) 
derived from the statistical model with the constant nuclear temperature 
approximation for level densities, predicts the (n,2n) cross sections 
within about ±15% except for the cases of Ru 9 6, P d 1 0 2 , and R h 1 0 3 if effec 
tive thresholds proposed by Gilbert and Gomberg are used, i.e. the ground 
state threshold is raised by 0.5 Mev or 1 Mev for the second or third 
emitted neutrons, respectively. The large discrepancies for the cases of 
Ru 9 6, Pd 1^ 2, and Rh 1^ 3 may be due to direct interaction effects in that 
the compound cross section <JQ is much smaller than the non-elastic cross 
section crne, which was used for a c in the calculations. Since no normal! 
zation procedure is used in this method, it seems that the statistical 
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model with constant nuclear temperature approximation for level densities 
and with effective thresholds is confirmed by the present data. 
(5) The assumption that neutron emission will occur whenever 
energetically possible appears to be questionable. Firstly, near the 
threshold, the competition from the gamma ray emission may not be negli­
gible; the importance of this competition within about 2 Mev of thres­
holds has been demonstrated by Glover, theoretically. R. N. Glover and 
Weigold also pointed out qualitatively that near the threshold the spin 
states of the excited nucleus which can decay by neutron emission are 
limited, while there are many states through which gamma ray decay may 
occur, thus neutron emission may not be favored. In addition, the com­
petition of (n,np) reactions may be also important as appears to be the 
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case for Ni . Secondly, near the threshold, the level density of the 
residual nucleus is likely to be very small which violates the continuum 
assumption of the statistical model. Therefore, an effective threshold 
is used to compensate for these effects. The values 0.5 Mev or 1 Mev 
added to the ground state thresholds to get effective thresholds are 
quite arbitrary; however, they gave fairly satisfactory fits in general. 
96 102 103 For the cases of Ru , Pd ' ', and Rh , the large discrepancies between 
calculated and measured (n,2n) cross sections may be also due to insuffi­
cient compensation of these effects, i.e. a higher effective threshold 
may be needed. The adjustments in effective thresholds for odd-even 
effects of Z suggested by Gilbert and Gomberg appear to be unnecessary, 
while the odd-even effects of N cannot be tested, because no (n,2n) cross 
sections of odd-N nuclei are available. 
(6) The (n,2n) cross sections calculated from the statistical 
L 
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model with an energy independent level density parameter a appeared to 
be rather insensitive to the value of a when the excitation energy is well 
above the threshold. Therefore, excitation functions of (n,2n) reactions 
seem not suitable for use to extract accurate values of the level density 
parameter a, unless the small part of the excitation function near the 
threshold is used. For cases in which the neutron separation energy S n 
92 
is close to the incident neutron energy, i.e. Mo , the calculated {n,2n) 
cross sections are very sensitive to the fluctuation of the values of S n . 
(7) The [(n,np) + (n,pn) + (n,d)J cross sections of the lightest 
stable isotope of even-Z elements measured in the present work showed a 
simple regularity in that the cross sections decrease linearly with both 
Z and A of the target nucleus. Either of the empirical equations 
a (n,np + pn + d) = 934 - 15.14Z (4-49) 
and 
a (n,np + pn + d) - 834 - 5.85A (4-50) 
may be used to predict the [(n,np) + (npn) + (n,d)J total cross sections 
for the lightest stable isotopes of even-Z elements. Two candidates, 
S e 7 4 and Sr 8 4, are suggested to test the empirical equation. The good 
linearity of the cross section with Z or A may be just fortuitous. The 
generally decreasing trend of [(n,np) + (n,pn) + (n,d)] cross sections 
may be understood from the increasing Coulumb barrier and the increasing 
58 
competition of (n,2n) reactions. For the case of Ni , angular and energy 
distribution measurements of the emitted protons made by Glover and Purser 
showed that the reactions mainly go by compound nucleus and the statisti­
cal model calculations with a constant average nuclear temperature of 
1.5 Mev agree well both with the total cross section and with the (n,np) 
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component. For the cases oil Ru , Cd-^6, and S n 1 1 ^ the values calculated 
from statistical model are far too small compared with the measured cross 
sections, suggesting that they are likely to go by some kind of direct 
interactions. 
(8) An average nuclear temperature of 1.5 Mev obtained by Cuzocrea 
et al. is confirmed by the present (n,p) and (n,a) cross section data. The 
equation (equation 4-32) given by 
a(n,p) = a cI e p /(l.+ I pe p ) (4-32) 
predicts 14 out of 15 measured (n,p) cross sections within about ±20%, 
being better than the predictions from Levkovskii's formula. The predic­
tions of Gardner and Rosenblum are almost completely in disagreement with 
the measured values. No shell effects at Z =28, 50, and N = 82 for (n,p) 
cross sections were observed. 
(9) Levkovskii's empirical formula 
a(n,p) - 45.2(A 1 / 3 + l ) 2 e ~ 3 3 ( N - z > / A (4-71) 
is found to be closely related to equation (4-32) derived from the sta­
tistical model with the constant nuclear temperature approximation for 
level densities. The parameter Dp in equation (4-32), which is the 
Q-value of the (n,p) reaction corrected by pairing energies and Coulumb 
barrier, is found to be approximately a linear function of (N-Z)/A, i.e. 
D p/T - 0.73/T - (52.3/T)(N-Z)/A (4-75) 
The coefficient 33 before (N-Z)/A in Levkovskii's formula corresponds to 
a nuclear temperature of 1„58 Mev. The linear form of the function for 
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Dp may be derived from a mass equation, but the numerical coefficients 
have to be determined empirically. The coefficients derived from a mass 
equation are functions of Z and A, being approximately constant in a 
limited range, so they may be different in different regions. It appeared 
that Levkovskii's empirical formula can be obtained from equation (4-32) 
0 73 /T Dp/T by neglecting the term I e * /(l + I_e ) and replacing or by the 
P P c 
1 /3 2 
geometric cross section 45.2(A ' + 1) . 
(10) Since the cross sections measured by the activation method 
cannot distinguish direct interactions from compound nucleus formation 
and since in the statistical model calculations the non-elastic cross 
section t 7 n e usually used for the compound cross section is in general 
not equal to due to direct interactions, one can hardly draw definite 
conclusions about reaction mechanisms from the comparison of measured 
activation cross sections at one energy with statistical model calcu­
lations. However, one may qualitatively say that, if the measured 
activation cross section is greater than the one calculated from the 
statistical model, direct interactions for the particular reaction are 
likely to exist; if the measured cross section is smaller than the cal­
culated one, direct interaction for the particular reaction may or may 
not exist but direct interactions other than the particular reaction are 
likely to exist, i.e. is smaller than & n e* When a calculated cross 
section agrees with the measured one within experimental error, it does 
not necessarily mean that the reaction goes by compound nucleus formation 
unless the non-elastic cross section is known to equal the compound cross 
section CTC» 
(11) the (n,Q) cross sections calculated from equation (4-33) 
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derived in the present work are generally in agreement with measured 
cross sections within about ±30%. The measured (n,a) cross sections of 
Mo , Ba , and Ce are larger than the calculated ones by factors 
of 2.3, 2.4, and 1.7, respectively. The large discrepancies of these 
92 
cases may be due to direct interaction effects. For the cases of Mo 
and Ba*-*8, which have neutron shell closures at N = 50 and 82, respec­
tively, a shell effect may exist. If 1 Mev is added to the pairing 
energy for the neutron shell closure, the discrepancies are removed. 
Therefore, both direct interaction effects and shell effects may affect 
92 138 the (n, Q) cross sections of Mo and Ba 
(12) The statistical model has various versions or approximations 
and the results from different versions may be quite different. For the 
case of (n,Q) cross sections Facchini, et al. have made calculations 
by the statistical model using a complicated level density equation with 
an energy independent level density parameter a. The results are in 
general an order of magnitude smaller than the ones calculated from 
equation (4-33) which also is derived from the statistical model, but 
with the constant nuclear temperature approximation for level densities, 
and with other rather crude approximations. In spite of the crudeness 
of the present calculation method, all the (n,2n), (n,p), and (n,a) cross 
sections measured in the present work ranging from Zr to Ce can be well 
described by the equations (4-34), (4-32), and (4-33), respectively. The 
average nuclear temperature of 1.5 Mev used for all types of reactions 
and for all nuclei in the present work is a rather crude approximation, 
although it generally gives fairly satisfactory agreement with experiment, 
The validity of the average nuclear temperature of 1.5 Mev may break down 
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in other regions or in particular cases. Therefore, the discrepancies 
between calculated cross sections and measured ones for particular cases 
may be also due to this crude approximation, i.e. the actual nuclear 
temperature for the particular cases may not be equal to 1.5 Mev. The 
same argument may apply to the effective thresholds. 
4.6. Suggestions for Further Research 
(1) Test the empirical linear relation of f(n, np)+(n,pn)+(n, d)]] 
cross sections with Z or A with the S e 7 4 and S r 8 4 cases. If it turns 
out to be what is expected from the empirical equations, there may be 
theoretical significance connected to this linearity. 
(2) Test the applicability of the constant nuclear temperature 
approach presented in the present work to the rare earth region. 
(3) Do angular and energy distribution measurements of emitted 
particles on [(n,np)4-(n,pn)+(n,d)] reactions for cases other than Ni^ 8 
to test the mechanism of the reactions of Ru^, c d ^ ^ , a r u j S n 1 1 2 . 
(4) Measure the angular and energy distributions of the emitted 
QO 1 Op 
alpha particles from the (n,a) reactions of Mo and Ba , which have 
neutron shell closures at N = 50 and 82, respectively, to test the 
mechanism of the reactions. The results may clarify the question of 
which causes the enhancement of the (n, o) cross sections of M o ^ a n d 
138 
Ba , i.e. direct interactions? shell effects? or both? 
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